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Figure  31  A  higher  magnification  of  Fig.  30  showing  the 

periodontal  membrane  (PM)  between  the  mineralized 
tissue  (M)  on  the  implant  (I)  on  the  right  and 
alveolar  bone  (B)  on  the  left.  (100X) . 
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Based  on  the  results  of  the  six  month  screening  study  a  two  year 
program  using  the  45S5  and  45S5F  bioglass  compositions  was  initiated  and 
is  in  progress.  Several  of  the  implants  fractured  coronally  producing 
an  open  wound  in  the  oral  cavity.  Subsequently  osseous  tissue  filled  in 
over  the  remaining  root  portion  of  the  implant  and  epithelial  tissue 
overgrowth  sealed  the  site.  The  resulting  buried  roots  remained  in 
place  for  a  total  implantation  period  of  2  years.  Electron  microprobe 
profiles  across  the  bone  -  implant  interface  show  a  Si-rich  layer  120  pm 
thick  on  the  surface  of  the  bulk  glass  and  a  Ca,  P  rich  transition  layer 
70  pm  thick  between  the  Si-rich  layer  and  bone  (31). 

When  harvesting  the  single  tooth  bioglass  implants  the  animal  is 
anesthetized  and  a  block  section  of  the  maxilla  or  mandible  including 
the  implanted  tooth  and  adjacent  natural  teeth  is  removed  without 
sacrificing  the  animal.  The  resulting  defect  produced  in  the  anterior 
mandible  or  maxilla  can  be  filled  with  an  appropriately  shaped  bioglass 
implant.  One  45S5  bioglass  block  implant  has  been  in  place  for  6  years. 
Clinical  examination  reveals  normal  mucosa  over  the  implant  with  no 
signs  of  gross  inflammation.  Radiographic  evaluation  after  4  years 
shown  in  Fig.  32  shows  bone  directly  adjacent  to  the  implant. 

Smith  has  conducted  a  preliminary  investigation  to  study  the  effect 
of  orthodontic  loading  on  the  bond  which  develops  between  bioglass  and 
bone  (32).  Aluminum  oxide  implants  coated  with  45S5  bioglass  were  placed 
bilaterally  in  the  mandibular  first  molar  region  of  rhesus  monkeys.  The 
implants  were  loaded  by  a  lingual  arch  appliance  delivering  a  con¬ 
tinuous,  lingually  directed  force  which  was  varied  from  425  to  925  grams 
for  six  and  nine  week  loading  periods. 

Histological  evaluation  of  the  implant  tissue  interface  revealed 
direct  fusion  of  bone  to  the  bioglass  in  five  of  the  six  implants. 
Interestingly  it  was  noted  that  the  areas  of  attachment  were  randomly 
located  on  both  the  buccal  and  lingual  surfaces  of  the  implants  with  no 
apparent  response  to  the  stress  developed  by  the  arch  appliance  (see 
Fig.  33).  Figure  34  is  a  plot  of  the  net  change  of  interimplant  or 
intermolar  distance  as  a  function  of  loading  time.  There  is  no  change 
in  the  interimplant  distance  for  the  bioglass  coated  implants  during  the 
first  six  weeks  when  a  force  of  425  grams  was  applied  (solid  line).  In 
contrast  note  the  changes  which  occurred  with  tantalum  implants  (dashed 
line)  and  the  intermolar  distance  of  the  maxillary  1st  permanent  molars 
(dotted  line)  under  the  same  loading  conditions.  Increasing  the  force 
to  925  grams  for  three  additional  weeks  produced  a  decrease  of  0.3  mm  in 
the  interimplant  distance. 

The  bioactive  glass-ceramic  material  Ceravital  developed  by  the 
Leitz  Instrument  Group  has  been  implanted  in  the  mandible  and  zygomatic 
arch  of  swine  for  implant  periods  of  up  to  1  year  (11).  Gross  observation 
has  shown  bone  growing  up  to  and  around  the  implants.  Light  microscopy 
has  revealed  bone  containing  healthy  osteocytes  in  direct  contact  with 
the  implants. 

The  Leitz  group  has  conducted  limited  clinical  trials  using  Cera¬ 
vital  for  augmentation  of  the  anterior  region  of  the  alveolar  ridge  (33). 
Clinical  examination  after  six  months  revealed  no  apparent  compli¬ 
cations.  Tooth  root  implants  and  ossicular  chain  replacements  of  Cera¬ 
vital  also  have  shown  initial  success. 


Figure  33  Light  micrograph  demonstrating  bony  approximation  to  bio¬ 

glass  coated  alumina  implant  in  monkey  mandible.  Implant 
was  loaded  by  a  lingual  arch  appliance  for  5  weeks. 
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Figure  34  Net  change  from  initial  interimplant  and  intermolar  distance 

in  millimeters  as  a  function  of  loading  time  (weeks). 

MEDULLARY  CANAL  RESPONSE 


While  the  reactions  between  bioglass  and  osseous  tissue  have  been 
discussed  extensively,  little  has  been  said  concerning  the  interface 
between  bioglass  implants  and  bone  marrow.  A  recent  study  conducted  by 
Harrell  et  al.  (32)  in  which  bioglass  specimens  were  placed  in  rat  tibiae 
for  time  periods  up  to  28  months  gave  no  indication  of  any  adverse 
reactions  between  the  bone  marrow  tissue  and  the  implant  surface.  In 
fact  examination  revealed  bone  in  contact  with  the  implant  surface 
extending  across  the  entire  width  of  the  tibia  which  in  effect  isolated 
the  implant  from  direct  contact  with  the  marrow  tissue.  Bioglass  having 
less  surface  reactivity  than  the  45S5  composition  will  be  more  resistant 
to  any  surface  modifications  induced  by  marrow  tissue  and  as  long  as 
they  fall  within  the  bone  bonding  boundary  will  maintain  their  ability 
to  bond  to  osseous  tissue. 

Blencke  et  al.  (34)  have  reported  on  the  bioactive  glass-ceramic 
material  Ceravital  which  is  similar  in  composition  to  the  bioglass 
system.  When  Ceravital  was  implanted  in  the  tibia  or  femur  of  several 
animal  species  (rats,  rabbits,  dogs)  for  time  periods  of  up  to  30  months 
no  signs  of  destruction  of  the  implant  surface  not  in  direct  contact 
with  osseous  tissue  were  noted.  Areas  of  the  implants  not  in  direct 
contact  with  bone  were  covered  by  a  thin  layer  of  connective  tissue. 

Their  experiments  revealed  no  evidence  of  long  term  inflammation  or  the 
development  of  giant  cells. 
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RESPONSE  TO  MUSCLE  TENDON  AND  LOOSE  CONNECTIVE  TISSUE 


Previous  studies  of  soft  tissue  response  to  bioglass  have  demon¬ 
strated  a  reaction  which  varies  in  accordance  with  the  in  vitro  surface 
reactivity  of  the  specific  bioglass  compositions  (35).  Bioglass  implants 
of  three  compositions  45S5,  45S5F,  45B5S5  representing  medium  low  and 
high  surface  reactivity  were  inserted  into  the  biceps  femoris  muscle  of 
the  right  hind  leg  of  Sprague  Dawley  rats  for  three,  six  and  sixteen 
weeks.  At  three  weeks  there  was  a  moderate  inflammatory  reaction  which 
was  similar  for  all  implants.  Directly  adjacent  to  the  implants  was  a 
single  layer  of  macrophages.  Beyond  this  single  layer  of  cells  was  a 
zone  of  elongated  fibroblasts  several  layers  thick,  followed  by  normal 
muscle  tissue. 

At  six  weeks  the  tissue  response  varied  depending  on  the  implant 
composition.  In  the  case  of  the  45S5F  implants  which  exhibited  low 
surface  reactivity  there  was  still  a  single  row  of  macrophages  sep¬ 
arating  the  implant  from  a  region  consisting  of  thin  elongated  fibro¬ 
blasts  and  intercellular  mature  collagen  (Fig.  35).  Adjacent  to  the 
45S5  and  45B5S5  implants  (Figs.  36  and  37)  was  a  zone  of  macrophages  and 
large  irregular  multinucleated  cells  which  in  some  areas  appeared  to  be 
structurally  altering  the  surface  of  the  implants.  This  was  followed  by 
a  multilayered  zone  with  much  larger  fibroblasts  and  more  abundant 
collagen  than  in  the  case  of  the  45S5F  implants.  These  features  are 
characteristic  of  a  more  severe  foreign  body  response  as  might  be  ex¬ 
pected  from  a  more  surface  active  material. 

At  16  weeks  all  implants  were  surrounded  by  a  synovial  membrane. 
There  was  evidence  of  continued  alteration  of  the  implants  by  synovial 
cells  and  phagocytosis  of  the  glass  particles.  The  severity  of  the 
reaction  again  correlated  with  the  relative  surface  reactivity  of  the 
three  compositions. 

Light  microscopic  examination  of  soft  tissue  removed  from  an  area 
adjacent  to  a  hip  prosthesis  coated  with  45S5F  bioglass  after  14  months 
in  a  stumptailed  monkey  revealed  regular  connective  tissue  with  an 
absence  of  acute  inflammation  (Fig.  38).  The  cellular  morphology  con¬ 
sisted  of  fibroblasts  and  mature  fibrocytes  enclosed  in  dense  collagen 
(Figs.  39  and  40). 

Figures  38-40  show  that  the  cellular  morphology  of  the  tissue 
adjacent  to  the  bioglass  coated  femoral  head  prosthesis  is  undisturbed 
after  14  months  implantation.  The  cells  are  all  typical  of  fibroblasts 
actively  producing  collagen  or  fibrocytes  which  are  mature  and  enclosed 
in  a  very  dense  collagen  matrix.  In  none  of  these  sections  of  this 
tissue  were  there  any  inclusions  within  the  cytoplasm  containing  in¬ 
organic  debris  suggesting  deterioration  of  the  bioglass  coating  or 
corrosion  of  the  metal  undercoating.  In  contrast,  it  has  been  shown  (36) 
that  uncoated  stainless  steel  implants  give  rise  to  metallic  debris 
particles  enclosed  in  vacuoles  in  the  cellular  cytoplasm  after  the  same 
time  period  in  humans.  Thus  while  bonding  as  occurs  between  bioglass 
and  bone  was  not  achieved  between  bioglass  and  soft  tissues,  gross 
deterioration  of  the  tissues  or  destruction  of  the  implant  was  not 
observed  within  the  14  month  time  period.  These  findings  are  not 
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Figure  35 


Soft  tissue  interface  of  a  45S5F  bioglass  implant  (C)  after 
six  weeks  in  rat  muscle.  Note  the  mononucl eated  cells  (M) 
at  the  interface.  Note  also  the  fibroblasts  (F)  surrounding 
the  implant.  (1000X). 


Light  micrograph  of  area  adjacent  to  45SF-coated  monkey 
hip  prothesis  after  fourteen  months.  The  tissue  appears 
normal  in  all  respects.  (1,300X). 
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ing  when  one  considers  the  totally  different  set  of  requirements 
and  soft  tissue  formation.  To  design  a  material  system  which  in 
duplicates  certain  steps  which  occur  during  mineralization  would 
rrnine  that  this  same  system  would  not  bond  to  soft  tissues  where 
ization  is  not  an  integral  part  of  the  tissue  formation  process. 


ROND  ING  TO  CELLS  IN  CULTURE 


Recent  experiments  ol  Dr.  Robert  Grant  and  colleagues  have  shown 
that  osteoblast-like  cells  derived  from  the  rat  calvaria  can  be  grown  on 
4SS5  and  42S4.6  bioglass  substrates  in  culture  (37).  Growth  rates  are 
similar  to  growth  rates  on  control  dishes  ol  inert  plastics  or  inert 
glasses.  However,  the  cells  grown  on  the  controlled  surface  reactive 
glasses  that  bond  to  bone  in  vivo  also  become  rigidly  attached  to  the 
bioglass  interface  in  culture.  The  attachment  appears  to  he  a  result  ol 
a  mineralization  process  which  incorporates  the  intercel  1 u lar  substances 
generated  by  the  cells  into  the  active  surface  as  well  as  providing 
adhesion  of  the  cell  membrane  itself  as  shown  in  the  SEM  of  Fig.  41. 


Scanning  electron  micrograph  shows  osteoblasts  growing  on 
4r)SS  bioglass  surface  and  forming  collagen  fibrils.  (40,000X) 


Figure  4 


4  S 


Details  of  the  biological  processes  involved  are  still  under  intensive 
investigation  but  the  interwoven  morphology  of  the  cellular  and  collagen 
incorporation  within  the  interface  is  distinct  in  the  SEM  shown  in  Fig. 
41.  Transmission  electron  microscopy  of  such  cell  culture-bioglass 
interfaces  show  additional  evidence  of  the  strong  adhesion  at  the  cell 
membrane-bioglass  interface  (Fig.  A2) .  EDXA  evaluation  of  the  interface 
derived  from  the  cell  cultures  using  the  TEM  shows  that  the  bonding  zone 
is  a  Ca-P  rich  layer,  similar  to  that  found  previously  for  rat  post  in 
vivo  interfaces  using  the  same  analytical  scanning  TEM  system  (38). 

Extended  use  of  the  tissue  culture  models  should  make  it  possible 
to  isolate  the  experimental  variables  necessary  to  answer  many  of  the 
fundamental  questions  raised  in  the  Introduction. 


Figure  A2  Transmission  electron  micrograph  of  bone  cell-bioglass 
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IN  VITRO  BONDING  MODEL  EXPERIMENTS  AND  SUMMARY  OF  BONDING  MECHANISMS 


Even  simpler  systems  than  tissue  cultures  provide  evidence  of  the 
unique  interfacial  bonding  features  of  this  class  of  implant  materials. 
In  a  clever  experiment  designed  by  Pantano  (39)  45S5  bioglass  polished 
discs  were  exposed  to  a  weak  (.04  g / H)  soluble  collagen  suspension  at 
37°C  for  10  days.  Figure  43  shows  collagen  fibers  woven  into  and  out  of 
the  hydroxyapatite  surface  which  was  formed  on  the  bioglass  substrate. 
Higher  magnification  SEM ,  EDXA  analysis  and  electron  diffraction  shows 
that  collagen  is  bonded  to  the  surface  by  means  of  hydroxyapatite 
agglomerates  comprised  of  crystallites  in  the  range  of  60  nm  long. 
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Of  equal  importance'  was  the  finding  that  additions  of  small  concen¬ 
trations  of  a  mucopo lyssacha r i de ,  (MPS)  chrondrotin  sulfate,  greatly 
enhanced  formation  of  a  strongly  adherent  organic  structure  on  the 
bioglass  substrate.  Figure  44  shows  at  the  same  magnification  the 
surface  morphology  resulting  when  the  collagen,  at  the  same  concen¬ 
tration  as  in  Fig.  43,  was  added  in  the  presence  of  the  MPS.  The  mutual 
interaction  of  collagen-hydroxyapatite  and  MPS  seems  to  create  almost  a 
trabeculated  type  of  morphology  even  without  the  presence  of  cells.  The 


Figure  44 


In  vitro  bonding  of  collagen  fibers  to  bioglass  surface  m 
the  presence  of  chrondrotin  sulfate. 


similarity  between  the  bonded  collagen-MPS  structures  of  Figs.  43  and  44 
to  those  derived  from  cell  cultures  and  those  obtained  from  early  stage 
bonded  implants  in  rat  tibias  are  striking.  These  similarities  suggest 
that  the  mechanism  of  stable  bonding  between  bone  and  the  implant  sur¬ 
face  is  a  consequence  of  ionic  sites  on  collagen  and  MPS  molecules 
becoming  cross  linked  with  the  high  surface  area  hydroxyapatite  film 
that  forms  on  the  implant  surface  almost  immediately  after  exposure  to 
physiological  solutions.  The  C a  and  P  from  the  solutions  serve  to 
increase  the  thickness  of  the  inorganic  film  forming  at  the  interface. 

As  the  Ca-P  rich  film  grows  it  hydrates  and  crystallizes  to  form  hydro¬ 
xyapatite  agglomerates  incorporating  the  organic  species  into  an  in¬ 
timately  bonded  contiguous  structure  that  stabilizes  eventually  to  a 
thickness  of  about  25-30  pm  merging  into  the  cellular  structure  of  bone. 
The  transition  zone  between  nonliving  and  living  matter  thus  provides 
the  mechanical  strength  and  the  mechanical  compliance  needed  for  the 
interface  to  transfer  stress  effectively. 


POTENT  1 AL  APPL1 CATIONS 

Bioglass  ceramic  materials  show  promise  for  application  in  the 
areas  of  medicine,  dentistry,  and  veterinary  medicine  in  which  repair, 
modification,  or  reconstruction  of  the  skeletal  system  or  teeth  is 
required.  Based  on  the  results  of  a  two  year  study  in  baboons  limited 
clinical  trials  in  humans  will  soon  be  initiated  with  bioglass  coated 
high  strength  alumina  single  tooth  implants.  This  area  will  represent 
the  first  of  many  applications  of  bioglass  bone  bonding  systems. 

Applications  still  in  the  animal  experiment  stage  include  the 
stabilization  of  metallic  prostheses  coated  with  bioglass  compositions, 
permanent  stabilization  of  artificial  limbs,  mandibular  ridge  augmen¬ 
tation  of  edentulous  patients,  maxillo  facial  reconstruction  of  the 
middle  ear  and  spinal  fusion  using  bioglass  blocks  or  screws  for  the 
elimination  of  chronic  pain.  Suffice  it  to  say  that  any  application 
requiring  permanent  and  direct  bonding  of  a  material  to  hard  tissue  in 
the  body  would  represent  a  potential  application  for  the  bioglass 
system. 


REFERENCES 


1.  Hench,  L.L.,  Splinter,  R.J.,  Allen,  W.C.,  and  Greenlee,  T.K.  Jr., 
Bonding  Mechanisms  at  the  Interface  of  Ceramic  Prosthetic  Mater¬ 
ials,  J._  Biomed.  Mats.  Res^  Symp.,  No.  2,  Interscience,  117,  1972. 

2.  *  Beckham,  C.A.,  Greenlee,  T.K.  Jr.,  and  Crebo,  A.R.  Jr.,  Bone  For¬ 

mation  at  a  Ceramic  Implant  Interface,  Calc.  Tissue  Res.,  8,  165, 
1971  . 

3.  Hench,  L.L.  and  Paschall,  H.A.,  Direct  Chemical  Bonding  Between 
Bioactive  Glass-Ceramic  Materials  and  Bone,  J.  Biomed.  Mats. 

Res  L  Symp.,  No.  4,  25,  1973. 

4.  Gnss,  P.  ,  Greenspan,  D.C.,  Heimke,  G.,  Krempien,  B.,  Buchinger, 

R.,  Hench,  L.L.,  and  Jentschura,  G. ,  Evaluation  of  a  Bioglass- 
coated  A1203  Total  Hip  Prosthesis  in  Sheep,  J.  Biomed.  Mats.  Res. 
Symp. ,  No.  4,  10,  511,  1976. 

5.  Miller,  G.J.,  Greenspan,  D.C.,  Piotrowski,  G.,  Hench,  L.L.,  Mech¬ 
anical  Evaluation  of  Bone-bioglass  Bonding,  presented  at  Second 
Annual  Meeting  of  the  Society  for  Biomaterials ,  Philadelphia, 
Abstract  No.  108,  1976,  81  . 

6.  Hench,  L.L,  Paschall,  H.A.,  Allen,  W.C.,  and  Piotrowski,  G. ,  Inter¬ 
facial  Behavior  of  Ceramic  Implants,  National  Bureau  of  Standards 
Special  Publication  415,  May  1975,  19-35. 

7.  Piotrowski,  G.,  Hench,  L.L.,  Allen,  W.C.,  and  Miller,  G.J., 
Mechanical  Studies  of  the  Bone-bioglass  Interfacial  Bond, 

J.  Biomed.  Mats.  Res ■  Symp ■ ,  9,  47,  1975. 

8.  Stanley,  H.R.,  Hench,  L.L.,  Going,  R.,  Bennett,  C.,  Chellemi,  S.J., 
King,  C.,  Ingersoll,  N.,  Ethridge,  E.  and  Kreutziger,  K.,  The 
Implantation  of  Natural  Tooth  from  Bioglass  in  Baboons,  Oral  Surg., 
Oral  Med.,  Oral  Path.,  42  No.  3,  339,  1976. 

9.  Hall,  C.W.,  Mallow,  W. ,  Hose,  F.,  Progress  Toward  a  Permanent 
Skeletal  Extension,  presented  at  Second  Annual  Meeting,  Society 
for  B i oinater i a  1 s ,  Philadelphia,  Abstract  No.  158,  1976,  106. 

10.  Strunz,  V.,  Bunte,  M.,  Stellmach,  R.,  Gross,  U.M.,  Kuhl,  K., 

Bromer,  H.,  anil  Deutscher,  K.,  Bioaktive  Glaskeramik  als  Implantat- 
material  in  der  Kieferchi rurgie,  Dt sch .  Jlahna rzt 1  . _ Z,  32,  287,  1977. 

11.  Strunz,  V.,  Gross,  U.M.,  Bromer,  H.,  Deutscher,  K.,  Glaskeramik  fur 
Zahnartzl i che  and  Kieferchi rurgische  Imp lantate ,  Report  MT-0250, 
Ernst  Leitz,  Gmb  H.,  Wetzler,  Germany,  January  1975  -  July  1976. 

12.  Hench,  L.L.  and  Ethridge,  E.C.,  Biomaterials--the  Interfacial  Pro¬ 
blem,  in  Advances  in  Biomedical  Engineering,  J.H.U.  Brown  and 
J.F.  Dickson,  Eds.,  Academic  Press,  New  York,  1975,  36. 


13.  Lyman,  D.J.  and  Seare,  W.J.  Jr.,  Biomedical  Materials  in  Surgery, 

Am.  Rev.  Mat.  Sci. ,  4,  415,  1974. 

14.  Graves,  G.A.,  Hentrich,  R.L.,  Stein,  H.G.,  and  Bajpai,  P.K.,  Re¬ 
sorbable  Ceramic  Implants,  _ Biomed.  Mats.  Res.  Symp.,  2,  91,  1971. 

15.  Driskel,  T.D.,  O'Hara,  M.J.,  Sheets,  H.D.  Jr.,  Greene,  G.W.  Jr., 
Natiella,  J.R.,  and  Armitage,  J.,  Development  of  Ceramic  and  Ceramic 
Composite  Devices  for  Maxillofacial  Applications,  J.  Biomed.  Mats. 
Res.  Symp.,  2,  345,  1972. 


16. 

Andrade,  J.D.,  Interfacial  Phenomena  and  Biomaterials,  Med. 
7,  110,  1973. 

Instrum. , 

17. 

Hench,  L.L.,  Ceramics,  Glass  and  Composites  in 

Medicine , 

Med 

.  Instrum 

No.  2,  1,  136,  1973. 

18. 

Hench,  L.L.  and  Paschall,  H.A. ,  Histo-chemical 

Responses 

at 

a  Bio- 

Materials  Interface,  J^ _ Biomed.  Mats.  Res.  Symp.,  No.  5  (Part  1), 

49,  1974. 

19.  Greenspan,  D.C.  and  Hench ,  L.L.,  Chemical  and  Mechanical  Behavior 

of  Bioglass  Coated  Alumina,  J. _ Biomed.  Mats.  Res.  Symp.,  Materials 

for  Reconstructive  Surgery,  Clemson  University,  1975. 

20.  Clark,  A.E.,  Hench,  L.L.,  and  Paschall,  H.A.,  The  Influence  of  Sur¬ 
face  Chemistry  on  Implant  Interface  Histology:  A  Theoretical  Basis 
for  Implant  Materials  Selection,  J.  Biomed.  Mats.  Res.  Symp.,  No.  2, 
10,  161,  1976. 

21.  Clark,  A.E.,  Paschall,  H.A.,  Hench,  L.L.,  and  Harrell,  M.S.,  Composi¬ 
tional  Analysis  of  the  Formation  of  Bone-implant  Bone,  J.  Biomed. 

Mats .  Res .  Symp ■ ,  Materials  for  Reconstructive  Surgery,  Clemson 
University,  1975. 

22.  Clark,  A.E.,  Paschall,  H.A.,  Hench,  L.L.,  and  Harrell,  M.S.,  Surface 
Chemical  Analysis  of  Bioglass  Orthopaedic  Implants,  J.  Biomed.  Mats 
Res .  Symp . ,  Materials  for  Reconstructive  Surgery,  Clemson  University, 
1975. 

23.  Hench,  L.L.,  Development  of  a  New  Biomaterial-prosthetic  Device, 
Orthopaedic  Mechanics,  D.  Ghista,  Ed.,  Academic  Press,  (1978). 

24.  Miller,  G.J.,  Greenspan,  D.C.,  Piotrowski,  G.,  and  Hench,  L.L., 
Mechanical  Evaluation  of  Bone-bioglass  Bonding,  in  Report  No.  7, 

An  Investigation  of  Bonding  Mechanisms  at  the  Interface  of  a 
Prosthetic  Material,  U.S.  Army  Medical  Research  and  Develop¬ 
ment  Command,  Contract  No.  DAMD  17-76-C-6033,  1976,  24. 

25.  Ferrari,  M.G.,  Carr,  T.  and  Piotrowski,  G. ,  Standard  Method  of 
Test  for  Ability  of  a  Biomaterial  to  Bond  to  Bone,  in  Report 
No.  7,  An  Investigation  of  Bonding  Mechanisms  at  the  Interface 
of  a  Prosthetic  Material,  U.S.  Army  Medical  Research  and 
Development  Command,  Contract  No.  DAMD  1 7-76-C-6033 ,  1976,  39. 


Ill 


1 


26.  Nilles,  J.L.,  Colletti,  J.M.  Jr.,  Wilson,  C.,  Biomechanical  Evalua¬ 
tion  of  Bone-'porous  Material  Interfaces,  J.  Biomed.  Mats.  Kes .  Symp .  , 

7,  231,  1973. 

27.  Nilles,  J.L.,  Lapitsky,  M.,  Biomechanical  Investigations  of  Bone  Porous 
Carbon  and  Porous  Metal  Interfaces,  J.  Biomed.  Mats.  Res.  SymjK  ,  No.  4, 
63,  1973. 

28.  Burstein,  A.H.,  Frankel,  V.H.,  A  Standard  Test  for  Laboratory  Animal 
Bone,  J_.  Biomech .  ,  4,  155,  1971. 

29.  Piotrowski,  G. ,  Ferrari,  M.,  and  Petty,  W.  ,  Bioglass  Coated  Monkey 
Hip  Prostheses--A  Progress  Report,  in  Report  No.  8,  An  Investigation 
of  Bonding  Mechanisms  at  the  Interface  of  a  Prosthetic  Material, 

U.S.  Army  Medical  Research  and  Development  Command,  Contract 

No.  DAMD  17-76-C-6033,  1977,  78. 

30.  Hench ,  L.L.,  The  Promise  and  Problems  of  Bioceramics  in  Total  Joint 
Replacement,  Proceedings  of  American  Academy  of  Orthopedic  Surgeons 
Workshop  in  Total  Joint  Replacement,  Atlanta,  Georgia,  1978. 

31.  Harrell,  M.S.,  Keane,  M.A.,  Acree,  W.A.,  Bates,  S.R.,  Clark,  A.E., 
and  Hench,  L.L.,  Thickness  of  Bioglass  Bonding  Layers,  4th  Annual 
Meeting  of  the  Society  for  Biomaterials,  San  Antonio,  Texas, 

Abstract  No.  80,  1978,  111. 

32.  Smith,  J.R.,  Bone  Dynamics  Associated  with  the  Controlled  Loading  of 
Bioglass  Coated  Aluminum  Oxide  Endosteal  Implants,  Masters  Thesis, 
University  of  Washington,  1977. 

33.  Strunz,  V.  ,  Gross,  U.M.,  Bromer,  H.,  Deutscher,  K.,  Glaskeramik  fur 
Zahnartzl iche  and  Kieferch i rurgi sche  Implantate,  Report  MT-0250, 

Ernst  Leitz,  Gmb  H.,  Wetzler,  Germany,  January  1976  -  August  1976. 

34.  Blencke,  B.A.,  Bromer,  11.,  and  Deutscher,  K.K.,  Compatibility  and 
Long-term  Stability  of  Glass-ceramic  Implants,  J.  Biomed.  Mat.  Res. 

Symp . ,  12,  307,  1978. 

35.  Hench,  L.L.  and  Paschall,  H.A.,  Direct  Chemical  Bond  of  Bioactive 
Glass-ceramic  Materials  to  Bone  and  Muscle,  in  Report  No.  3,  An 
Investigation  of  Bonding  Mechanisms  at  the  Interface  of  a  Prosthetic 
Material,  U.S.  Army  Research  and  Development  Command,  Contract  No. 

DADA  1  7- 70-L-000 1 ,  1972. 

36.  Paschall,  H.A.,  Rodebush,  M.,  and  McVey,  J.T.,  A  Comparison  of  Soft 
Tissue  Reaction  to  a  Bioglass  Flame  Spray  Coated  Hip  Prosthesis 
and  Metallic  Screws,  in  Report  No.  3,  An  Investigation  of  Bonding 
Mechanisms  at  the  Interface  of  Prosthetic  Materials,  U.S.  Army 
Medical  Research  and  Development  Command,  Contract  No.  DADA  17-70- 
C-0001,  1972. 

37.  Grant,  R.,  Pfizer,  Inc.  Research  Laboratory,  Maywood,  New  Jersey, 

To  be  published. 


112 


38.  Hench ,  L.L.,  Johnson,  P.F.,  Jenkins,  E.J.,  Grant,  R.,  Stevens,  R., 
Transmission  Electron  Microscopy  of  Bone  Cell  Culture  Samples  on 
Bioglass,  in  Report  No.  8,  An  Investigation  of  Bonding  Mechanisms 
at  the  Interface  of  a  Prosthetic  Material,  U.S.  Army  Medical  Re¬ 
search  and  Development  Command,  Contract  No.  DAMD  1 7-76-C-6033, 

1977,  90. 

39.  Pantano,  C.G.  and  Hench,  L.L.,  Surface  reactions  mediating  the  forma¬ 
tion  of  a  bone-bioglass  bond,  To  be  Published. 


1  13 


C.  MECHANICAL  TESTS  OF  THE  BONE-BIOGLASS  BOND 


by 

G.  Piotrowski 

INTRODUCTION 

Bioglass  has,  over  the  years,  been  shown  to  adhere  to  living  osseous 
tissue.  The  bond  has  been  thoroughly  documented  and  characterized  by 
many  in  vivo  and  in  vi tro  ultrastructural  studies  including  scanning 
electron  microscopy,  transmission  electron  microscopy,  Auger  electron 
analysis,  etc.  Such  techniques  have  provided  much  detail  on  the  struc¬ 
ture  of  the  bond  on  a  microscopic  level  and  on  the  time-history  of  the 
bond  formation.  These  studies,  however,  are  not  able  to  answer  the 
question  "How  strong  is  the  bond  between  bone  and  bioglass?"  A  wide 
variety  of  models  and  test  procedures  have  been  used  to  determine  the 
strength  of  the  bone-bioglass  bond.  It  is  the  purpose  of  this  paper  to 
summarize  these  studies  and  to  assess  their  contribution  to  the  total 
knowledge  of  the  strength  of  the  bone-bio$>lass  bond  and  of  its  appli¬ 
cation  to  clinical  orthopaedics. 

TESTING  MODELS 

The  interface  between  two  materials  can  be  loaded  in  two  primary 
ways:  by  a  normal  stress,  or  by  a  shear  stress  as  shown  in  Figure  1. 


Normal 


Shear 


Mechanical  testing  can  involve  normal  loading  of  an  interface, 
which  tends  to  separate  the  surfaces,  or  shear  loading,  which 
tends  to  slide  the  surfaces  relative  to  each  other,  or  a  combin 
ation  of  both. 


Fig.  1 


The  most  severe  of  these  testing  modes  is  the  application  of  a  normal 
tensile  stress,  since  that  literally  tends  to  split  the  surfaces  apart. 
However,  this  loading  is  not  one  that  would  be  normally  encountered  in 
an  application  of  a  bioglass  or  bioglass-coated  implant.  The  type  of 
loading  that  is  much  more  likely  in  this  case  is  one  where  the  two 
surfaces  are  sheared  relative  to  each  other.  For  this  reason  all  the 
test  protocols  involved  surgical  implantation  of  a  specimen  into  or 
against  a  bone,  and  subjecting  the  "healed"  bone-bioglass  interface  to  a 
shear  load.  Where  possible,  shear  stresses  were  calculated  in  order  to 
eliminate  variations  in  geometry  from  the  data  and  allow  conclusions 
based  on  intensive  (stress)  rather  than  extensive  (force)  quantities. 


TEST  MODELS 

Over  the  span  of  this  project,  eight  different  models,  illustrated 
in  Figures  2-9,  were  used  to  assess  the  strength  of  the  bone-bioglass 
interface.  The  assessment  ranged  from  a  qualitative  description  (was 
the  implant  stuck  in  the  bone?)  to  a  quantitative  determination  of  the 
interface  stress  at  the  time  of  fracture  of  the  specimem  during  a  test. 

The  first  specimens  were  rectangular  chips  of  biogiass  (Figure  2), 
1x2x2  mm,  implanted  into  a  defect  machined  in  the  lateral  cortex  of 
rat  femurs  (1,2).  These  were  allowed  to  heal  for  six  weeks  at  which 
time  the  animals  were  sacrificed  and  the  implant  and  the  surrounding 
host  bone  examined.  No  quantitative  attempts  were  made  to  extract  the 
implant . 

A  second  model  involved  the  creation  of  a  transverse  midshaft 
osteotomy  in  the  right  femur  of  a  rat,  interposing  a  washer  made  of 
bioglass  and  reassembling  the  hone  using  a  wire  as  an  intramedullary  rod 
for  fixation,  as  illustrated  in  Figure  3  (3, A).  The  washers  were  made 
of  45S5  bioglass  with  a  6  mm  outer  diameter,  1  mm  inner  diameter,  and  a 
thickness  of  0.5  mm.  The  femurs  were  harvested  at  periods  ranging  from 
6  to  28  weeks  and  both  the  healed  bone  and  the  opposite,  intact,  femur 
subjected  to  torsional  loading  to  failure,  and  the  fracture  torques 
recorded.  Stresses  at  the  fracture  and  at  the  interface  were  estimated 
for  some  of  the  specimens  using  a  precursor  version  of  the  SCADS  com¬ 
puter  program  (5,6). 

A  series  of  monkey  femurs  received  midshafts  segmental  replacements 
of  bioglass  (4,7),  as  shown  in  Figure  4.  Two  sets  of  implants  were 
used,  one  made  of  a  solid  piece  of  bioglass- ceramic  and  the  other  a 
stainless  steel  implant  flame-sprayed  with  bioglass.  Small  Schneider 
intramedullary  nails  were  used  for  fixation,  and  the  duration  ranged 
from  23  to  50  weeks.  As  was  the  case  with  the  rat  femurs,  these  speci¬ 
mens  (with  the  nail  removed)  were  twisted  to  failure  and  the  stresses  at 
the  interface  calculated  using  the  SCADS  computer  program  (6). 

An  attempt  to  replace  canine  fibulas  with  artificial  substitutes, 
consisting  of  rods  of  either  alumina  covered  with  bioglass,  or  stainless 
steel  coated  with  bioglass,  proved  unsuccessful.  This  model,  illus¬ 
trated  in  Figure  5,  was  derived  from  one  used  by  Enneking,  et  al^'  (8)  to 
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Fig.  9  This  femoral  head  replacement  is  made  of  316  stainless  steel  coated  with  bioglass. 


study  autogenous  bone  grafts.  No  internal  fixation  devices  were  used  in 
that  series,  and  the  implants  were  intended  to  be  held  in  place  simply 
by  the  surrounding  soft  tissues. 

Many  of  the  problems  encountered  in  developing  a  viable  test  model 
for  measuring  the  strength  of  the  interface  revolved  around  the  lack  of 
fixation  between  bone  fragments  and  implants.  Thus,  two  series  of 
experiments  employed  a  hole  drilled  transversely  through  the  cortex  of 
dog  femurs,  and  insertion  of  a  circular  cylinder  of  bioglass  or  some 
inert  material,  such  as  steel,  cobalt-chromium  alloy,  or  alumina.  In 
the  first  series,  right  circular  cylinders  of  6.3  mm  diameter  were 
inserted  in  the  drill  holes,  as  shown  in  Figure  6,  allowed  to  heal  for 
16  weeks,  and  the  force  required  to  push  the  cylinders  through  the 
cortex  was  measured  (9).  Due  to  the  difficulty  of  assessing  or 
measuring  the  actual  contact  area  between  bone  and  implant,  no  stress 
calculations  of  the  interfacial  shear  stress  were  made.  Figure  7  illus¬ 
trates  a  second  series  of  similar  implants  involving  the  implantation  of 
bone  screws  coated  near  the  head  with  a  bioglass  coating  (10)  and  in¬ 
stalled  through  both  cortices  of  canine  long  bones.  This  model  provided 
for  secure  fixation  of  the  implant  relative  to  the  bone,  and  the  fix¬ 
ation  was  independent  of  the  clearance  between  bone  and  implant.  Thus 
variations  in  bonding  between  tightly  and  loosely  fitted  implants  could 
readily  be  studied.  The  torque  required  to  extract  the  specimen  was 
measured  directly,  and  again  no  attempt  was  made  to  calculate  the  inter¬ 
facial  shear  stresses  due  to  the  difficulty  of  determining  the  actual 
contact  area. 

The  canine  push-out  model  led  to  the  development  of  an  in  vivo  proof 
test  for  bonding  ability  of  various  compositions  of  bioglass  (9,11). 

A  specimem  4  x  4  x  1  mm  is  inserted  into  a  defect  milled  across  the 
anterior  ridge  of  a  proximal  rat  tibia  as  shown  in  Figure  8.  At  sacri¬ 
fice,  10  or  30  days  post-operatively ,  a  force  of  30  newtons  is  applied 
to  push  the  implant  out.  If  the  implant  is  not  dislodged  by  this  force, 
it  is  considered  to  have  bonded  to  the  bone. 

The  final  model  to  be  described  here  was  not  developed  for  the 
purpose  of  assessing  the  interfacial  strength,  but  to  assess  the  clini¬ 
cal  viability  of  a  bioglass-based  materials  system  for  orthopaedic 
implants  (4,12).  Femoral  head  replacements  for  monkey  femurs  were 
designed,  fabricated,  coated  with  bioglass,  implanted  as  in  Figure  9  for 
various  durations,  and  at  sacrifice  forcibly  extracted  from  the  femur  by 
use  of  a  testing  machine.  Thus,  the  force  required  to  extract  the  stem 
of  the  prosthesis  was  measured  directly;  again  no  stresses  were  computed 
due  to  the  difficulty  of  establishing  the  "true  contact  area." 


RESULTS 

The  first  series  of  implants,  implanted  into  defects  in  the  rat 
femurs,  were  found  to  be  firmly  held  by  the  bone  surrrounding  the  im¬ 
plant.  The  bond  was  secure  enough  that  fragments  of  glass  remained 
attached  to  bone  even  after  the  bone-implant  specimen  was  sawed  through 


the  implant,  or  sectioned  with  a  diamond  knife.  Typically,  as  illus¬ 
trated  by  Figure  10  (taken  from  Ref.  1)  the  bioglass  is  fragmented  and 
near  the  interface  fractures  in  the  glass  appear  normal  to  the  interlace 
and  terminate  there. 


Fig.  10  The  bioglass  was  fragmented  by  the  machining  operations  used 
to  produce  this  section.  Note  that  the  fractures  are  perpen¬ 
dicular  to  the  interface,  and  that  the  fragments  of  bioglass  (C) 
are  still  attached  to  the  bone  (B). 


Six  of  the  16  rat  femurs  containing  45S5  bioglass  washers  united, 
while  11  of  13  rat  femurs  undergoing  a  sham  operation  (osteotomy  and  in¬ 
ternal  fixation,  but  no  washer)  united.  The  fractional  difference  between 
the  strengths  of  the  two  femurs  of  an  animal,  with  one  femur  having 
been  operated  on  and  the  other  being  a  normal  femur,  was  defined  as 

<i  -  (Th  -  Tn)/(Th  ♦  T„) 

where  T  was  the  fracture  torque  for  the  osteotomized  and  healed  femur, 
(with  or  without  washer),  and  T^  the  fracture  torque  for  the  normal 
femur.  These  differences  are  summarized  in  Figure  11.  Note  that  those 
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Fig.  11  The  differences  in  fracture  torques  of  healed  osteotomized  rat 
femurs  vs.  intact  femurs  are  plotted  against  time  post- 
operatively.  The  circles  denote  bones  containing  a  bioglass 
washer  separating  the  fragments,  while  the  triangles  represent 
osteotomized  bones  which  did  not  receive  an  implant.  The 
solid  symbols  represent  individual  pairs  of  bones,  while  the 
open  symbols  and  the  dashed  lines  indicate  averages.  The 
shaded  region  at  the  bottom  represents  normal  side-to-side 
variation  (2  std.  deviations)  of  fracture  torques  of  paired 
intact  rat  femurs  (13). 


washer-containing  femurs  that  united  attained  appreciable  strength 
levels,  particularly  at  long  implantation  times.  Fracture  stresses  for 
normal  rat  femurs  were  found  to  average  102  MPa,  with  a  standard  devi¬ 
ation  of  39  MPa.  For  one  femur  containing  a  bioglass  washer  the  shear 
stress  at  the  fracture  site,  which  was  not  adjacent  to  the  washer,  was 
computed  to  be  50  MPa,  while  the  interface  withstood  a  stress  of  at 
least  14.6  MPa  without  fracturing. 
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Of  the  monkey  femurs  receiving  segmental  replacements,  most  went  on 
to  union  but  in  several  instances  a  solid  bioglass-ceraroic  implant 
fractured  while  implanted  in  the  body.  As  before,  those  specimens  that 
bonded  to  bone,  bonded  very  well,  with  the  strength  of  the  healed  bone 
approaching  the  strength  of  the  normal  bone  on  the  other  side.  The 
differences  in  torsional  strengths  between  femurs  with  implants  and 
contralateral,  intact,  femurs  are  summarized  in  Figure  12,  and  show  that 
much  of  the  femur's  structural  integrity  has  been  recovered  in  the  case 
of  femurs  containing  solid  bioglass-ceramic  implants.  The  flame-sprayed 
specimens  tolerated  much  lower  loads  (larger  differences)  and  lower 
stress  levels;  closer  examination  of  the  fractured  specimens  revealed 
that  the  fractures  occurred  at  the  interfaces  between  the  bioglass 
coating  and  the  metal  substrate,  not  between  the  bone  and  the  bioglass. 
Fracture  stresses  for  intact  bones  (tibias  and  contralateral  femurs) 


ceramic  steel 


Fig.  12  The  differences  in  fracture  torques  of  monkey  femurs  containing 
segmental  replacements  vs.  intact  femurs  are  illustrated  for  im¬ 
plants  of  bulk  bioglass-ceramic  and  for  stainless  steel  implants 
flame-sprayed  with  bioglass.  Each  solid  symbol  represents  a  pair 
of  bones,  and  the  open  symbols  the  average  values.  The  shaded 
region  at  the  bottom  indicates  normal  side-to-side  variation 
(2  std.  deviations)  of  fracture  torques  of  paired  monkey  tibias 
from  the  same  animals  (14). 


were  found  to  average  1S2  MPa,  with  a  standard  deviation  of  29  MPa  (see 
FiR-  13).  Stresses  at  the  fracture  sites  of  bones  containing  solid 
bioglass  implants  averaged  86  MPa,  while  the  interfaces  between  bone  and 
bioglass  withstood,  on  the  average,  a  stress  of  83  MPa.  The  shear 
stress  on  one  interface  was  computed  to  he  117  MPa;  this  fracture  (like 
most  fractures)  traversed  both  bone  and  hioglass  and  did  not  preferen¬ 
tially  follow  the  interface. 
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Fig.  13 


Torsional  shear  stresses  were  calculated  at  the  fracture  sites  of 
controls  [A)  (normal  monkey  tibias  and  the  intact  femurs),  at  the 
fracture  sites  of  femurs  containing  bulk  bioglass-ceramic  segmental 
replacements  (B),  and  at  the  interfaces  between  bone  and  those  im¬ 
plants  |  C  |  . 
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The  test  specimens  involving  cylinders  of  bioglass  transversely 
located  in  the  cortices  of  dog  femurs  illustrated  with  great  clarity  the 
fact  that  bioglass  implants  required  substantially  more  force  to  dis¬ 
lodge  them  from  healing  bone  than  was  the  case  with  inert  materials  such 
as  steel,  cobalt  chromium  alloys,  and  alumina.  Figure  14  summarizes  the 
forces  required  to  push  out  the  cylinders  made  of  various  materials.* 

The  inert  materials  required  an  average  of  15  N  to  push  out,  while 
the  bioglass  and  bioglass-ceramic  cylinders  required  an  average  of  250 
N.  In  one  instance  in  the  processing  of  the  specimen,  a  piece  of  bio¬ 
glass  broke  off  from  one  of  the  implants  at  the  point  where  the  bioglass 
touched  the  far  cortex.  The  strength  of  the  glass  was  of  the  order  of 
40  MPa,  strongly  suggesting  that  the  interface  between  bioglass  and  bone 
was  about  that  strong. 


Fig.  14  Summary  of  forces  required  to  push  out  cylinders  of  various 
materials  implanted  in  canine  femur  cortices. 


*The  "alumina  +  bioglass"  specimens  were  made  of  solid  alumina  covered 
with  a  thin  fused  coating  of  bioglass,  which  was  subsequently  found  to 
include  alumina  migrated  to  the  surface  during  the  fusing  process.  The 
presence  of  alumina  at  the  surface  seems  to  interfere  with  the  bonding 
process . 
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Similar  kinds  of  results  were  noted  for  the  extraction  torques  for 
the  coated  screws.  Figure  15  illustrates  the  portion  of  the  extraction 
torque  attributable  to  the  presence  of  the  coating.  Some  of  the  screws 
inserted  with  a  loose  fit  between  the  bioglass  and  the  clearance  hole 
did  not  appear  to  bond,  while  all  of  the  screws  with  a  snug  fit  in  the 
clearance  hole  required  two  to  three  times  as  much  extraction  torque  as 
uncoated  screws  (average  extraction  torque  for  uncoated  screws  was 
0.19  N-m) . 
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Fig.  15  Values  of  the  increase  in  extraction  torques  of  coated  screws 

attributable  to  the  presence  of  the  bioglass  coating.  Type  1 1 1 A 
are  screws  inserted  with  a  snug  fit  in  the  clearance  hole  sur¬ 
rounding  the  bioglass  coating,  while  Type  1 1 1 B  were  inserted  with 
a  loose  fit. 


The  results  of  the  canine  push  out  test  described  above,  as  well  as 
some  preliminary  measurements  of  the  push  out  forces  for  small  blocks  of 
bioglass  implanted  across  the  anterior  spine  of  the  tibia  in  rats  suggested 
that  a  shear  stress  level  of  1.0  MPa  could  easily  be  withstood  by  a 
bonded  bone-bioglass  interface.  This  led  to  the  development  of  the 
"mini-push  out"  test.  Thirty  samples  of  A5S5  bioglass  were  tested  at  10 
and  30  days,  with  73%  of  the  implants  passing  the  test  at  10  days  and  all 
at  30  days.  While  this  mini-push  out  test  does  not  measure  the  strength 
of  the  bond  but  simply  demonstrates  its  existence,  it  also  serves  to 
poii.t  out  that  the  bond  forms  very  quickly. 

•  The  results  of  the  trials  of  the  monkey  femoral  head  prostheses 
emphasized  the  importance  of  initial  fixation  of  bioglass  implants. 

When  immediate  post-operative  fixation  of  bioglass-coated  femoral  head 
prostheses  was  poor,  the  implant  would  not  bond  to  the  femur.  However, 
when  carefully  installed,  the  implants  required  about  270  N  to  pull  the 


126 


stem  out  of  the  femur  after  only  two  months'  duration.  This  270  N  force 
is  roughly  four  times  as  great  as  the  weight  of  the  animal  itself,  and 
it  is  inconceivable  for  that  kind  of  a  pull-out  load  to  he  subjected  to 
the  implant  in  vivo.  Thus  it  appears  that  the  degree  of  fixation  shown 
between  the  bioglass  and  the  bone  in  the  case*  of  this  functioning  pros¬ 
thetic  implant  is  more  than  adequate  for  clinical  application  of  such 
material  systems. 


DISCUSSION 

The  most  striking  feature  about  the  overall  range  of  test  results 
is  the  observation  that  if  a  bioglass  implant  bonds  to  bone,  it  bonds 
extremely  well,  and  if  it  does  bond  it  will  do  so  very  quickly  Of  the 
non-unions  encountered,  all  of  them  can  be  explained  by  the  excessive 
movement  of  the  implant  relative  to  the  bone  during  the  healing  pro¬ 
cess.  This  indicates  that  it  is  critical  that  a  bioglass  implant  be 
held  immobile  relative  to  the  host  bone  for  a  duration  of  about  two 
weeks,  during  which  time  the  bonding  process  will  be  initiated  and 
carried  far  enough  for  the  attachment  between  bone  and  bioglass  to  form. 
If  the  process  is  disrupted  during  this  time  span,  the  chemical  re¬ 
actions  necessary  for  bond  formation  are  not  completed  and  no  bond 
forms . 

If  a  specimen  of  bioglass  within  the  host  hone  is  held  fixed  during 
this  critical  time  period  arid  the  bond  does  form,  the  bond  becomes  very 
strong,  and  appears  to  equal  the  strength  of  normally  healed  fractured 
bone.  Fractures  of  long  bones  typically  take  several  months  before 
healing  is  completed,  despite  the  fact  that  union  will  occur  fairly 
rapidly.  Similarly,  autogenous  bone  grafts  require  about  a  year  to 
recover  their  structural  integrity  fully.  A  similar  sequence  can  be 
seen  for  the  formation  of  the  bond  between  bioglass  and  bone;  union 
occurs  relatively  rapidly,  in  about  two  weeks,  and  this  bond  matures  and 
increases  in  strength  over  a  period  of  the  next  few  months. 

The  maximum  stress  level  sustained  by  an  implant  loaded  in  shear 
was  calculated  to  be  117  MPa.  This  stress  level  is  one  standard  devia¬ 
tion  below  the  average  shear  strength  of  normal  intact  cortical  bone 
when  loaded  to  failure  in  torsion.  This  suggests  that  the  strength  of 
the  interface  at  42  weeks  in  nearly  equal  to  the  strength  of  intact 
cortical  bone.  The  fact  that  bone  remodeling  will  take  place  to  relieve 
stress  concentrations  at  the  junction  between  bone  and  implant  suggests 
that  even  if  the  bond  is  only  as  strong  as  the  bone,  it  will  be  quite 
adequate  and  that  failure  will  not  occur  at  the  interface  between  a 
well -bonded  implant  and  bone,  but  will  always  occur  away  from  it.  This 
has  been  demonstrated  on  many  occasions  during  the  mechanical  testing  of 
the  bone-bioglass  interface. 

Due  to  difficulties  in  est ab 1 i sli  1 ng  the  true  contact  area  between 
the  bioglass  cylinders  and  the  host  bone,  shear  stresses  have  not  been 
calculated  for  these  data.  If  one  assumes  a  nominal  contact  area  ex¬ 
tending  over  4  mm  of  the  cylinder  anil  an  averag e  force  of  about  250  N, 
an  average  shear  stress  of  3.2  MPa  is  calculated.  This  is  quite  a  bit 
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smaller  than  the  average  interfacial  stress  of  83  MPa  computed  for  the 
segmental  implants  in  the  monkey  femurs,  and  suggests  that  the  bond 
forms  over  only  a  small  portion  of  the  bone-bioglass  interface  in  the 
cylindrical  model.  This  may  be  due  to  the  fact  that  the  cylinders  are 
not  fully  loaded  during  the  time  of  healing  and  the  bonds  may  not  have 
developed  fully  as  a  result. 

For  a  cylinder  being  pushed  out  of  a  bone's  cortex,  the  average 

shear  stress,  s  ,  is  given  by 
ave  °  3 

s  =  F/ndL 
ave 

where  F  is  the  push-out  force,  d  is  the  diameter  of  the  cylinder,  and 
L  is  the  length  of  the  apparent  contact  area  between  bone  and  bioglass 
implant.  For  the  coated  screw  implants,  the  average  shear  stress  is 
given  by 

s  =  (T/r)/27trL 
ave 

where  T  is  the  portion  of  the  extraction  torque  attributable  to  the 
bioglass  coating  and  r  the  radius  of  the  cylindrical  coating  surface. 
Similar  size  dogs  were  used  for  both  the  push-out  tests  and  the  coated 
screw  studies,  and  thus  L  can  be  taken  to  be  the  same  for  both  specimens 
as  a  first  approximation.  Then  it  can  be  shown  that 

T  =  F  *  2r2/d, 

if  the  bond  strength  is  the  same  in  both  cases.  Substituting  1.5  and 
6.25  mm  for  r  and  d  respectively,  the  average  value  of  250  N  for  the 
push-out  force  yields  an  expected  average  value  of  T  of  0.18  N*m.  In 
fact,  the  average  value  of  T  for  all  snug-fitting  screws  represented  by 
Type  1 1 1 A  in  Figure  15  is  0.30  N-m  (10);  the  higher  torque  value  may  be 
due  to  the  better  fixation  inherent  in  the  coated  screw  model,  leading 
to  more  rapid  bonding  and  maturing  of  the  bond. 

Since  implants  can  be  designed  quite  readily  to  allow  large  inter¬ 
faces  between  implant  and  bone,  one  can  conclude  that  a  bioglass  coating 
on  a  metallic  device,  as  exemplified  by  the  monkey  femoral  head  replace¬ 
ments,  is  a  viable  materials  system  which  holds  much  promise  in  the 
development  and  application  of  permanent  orthopaedic  implant  devices. 
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SUMMARY 

Over  the  past  nine  years  a  large  number  of  devices  made  of  bioglass 
or  with  bioglass  coatings  have  been  installed  in  eight  different  animal 
models.  Bonding  occurred  more  or  less  consistently,  with  the  primary 
interference  to  bonding  being  poor  fixation  of  the  implant  during  the 
critical  immediate  post-operative  period.  When  bonding  did  occur,  it 
occurred  within  a  few  weeks,  and  eventually  the  interfaces  became 
extremely  strong,  resisting  attempts  at  fracture  at  the  interface;  in 
almost  all  cases  the  fracture  did  not  occur  at  the  interface  between 
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bone  and  bioglass.  The  maximum  stress  recorded  at  a  mature  bone- 
bioglass  interface  was  of  the  order  of  the  strength  of  the  healing  bone 
around  it.  This  indicates  that  the  bond  between  bone  and  bioglass  is  as 
strong  as  the  bone  itself,  and  that  this  phenomena  will  lead  to  the 
development  of  clinically  useful  permanent  orthopaedic  devices  held  in 
place  by  the  chemcial  bond  between  bone  and  bioglass. 
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D.  BONDING  OF  BIOGI.ASS  TO  CAN  INK  CORTICAL  BONE 


by 

G.  Piotrowski,  R.  Parker,  and  M.  Madden 


INTRODUCTION  j 

The  effect  of  the  type  of  host  bone  on  the  bonding  of  bioglass  to 
that  bone  is  not  clearly  understood.  The  in  vivo  "proof  test"  for  i 

bonding  ability,  involving  the  cancellous  bone  of  the  proximal  rat 

tibia,  has  shown  consistent  bonding  by  most  samples  of  various  batches  . 

of  bioglass,  (see  Paper  "Rate  of  Bond  Formation  of  Bioglass  and  Dense 

Hydroxyl  Apatite).  However,  45S5  bioglass  implants  failed  to  bond  when  r 

used  to  replace  a  segment  of  canine  fibula,  which  is  almost  totally 

cortical  bone  (1).  Two  hypotheses  to  explain  this  discrepancy  in 

bonding  behavior  were  proposed:  a)  motion  between  implant  and  bone 

interferes  with  the  bonding  process,  and  b)  cancellous  bone,  being 

metabol i ca 1 1 y  more  active  than  cortical  bone,  must  be  present  for' the 

bond  to  form.  The  experiment  described  in  this  paper  was  designed  to 

test  the  latter  hypothesis. 

Cobalt-chromium  alloy  bone  screws  were  partially  coated  with  bio¬ 
glass,  the  bioglass  machined  to  a  cylindrical  surface,  and  the  screws 

implanted  transversely  in  long  canine  bones  for  nine  weeks,  using  the  j 

uncoated  threads  for  fixation.  At  sacrifice  the  extraction  torque  of 
the  screws  was  measured  to  assess  the  degree  of  bonding. 

A  comparison  of  the  extraction  torques  of  coated  and  uncoated 
screws  shows  that  coated  screws  required  more,  up  to  three  times  as 

much,  torque  for  extraction  than  uncoated  screws.  However,  some  coated  \ 

screws  inserted  with  relatively  large  clearance  between  bioglass  and 

bone  did  not  appear  to  bond.  This  implies  that  excessive  space  between  ] 

bone  and  bioglass  is  an  important  factor  in  the  inhibition  of  the 
bonding  process. 

MATERIALS  AND  METHODS 

Three  types  of  implants  were  prepared  as  shown  in  Figure  1:  Type 
I,  short  (10  mm)  uncoated  screws;  Type  II,  long  (22  mm)  uncoated  screws; 
and  Type  III,  long  (22  mm)  screws  with  a  portion  of  the  threads  near  the 
head  coated  with  bioglass.  All  screws'"  were  made  of  a  cobalt-chromium 
alloy'"'",  and  had  a  major  outer  thread  diameter  of  3.5  mm.  The  coating 
cf  52S4.6  bioglass  was  applied  by  the  immersion  coating  process  (2),  the 
glass  surface  ground  into  a  cylindrical  shape,  and  the  driving  recess 
re-established.  Part  of  the  screw  head  was  removed  during  the  machining 
of  the  bioglass  cyl inder . 

■provided  by  Howmedica,  Inc. 

**V  i  la  Ilium 


132 


.. 


■W-V, 


Fig.  1  Three  types  of  Co-Cr  screws  were  used  in  this  study.  Type  1  and 
II  are  uncoated,  while  the  Type  III  screws  were  i miners i on-coated 
with  bioglass. 


Twenty-two  screws  were  implanted  into  the  humeri,  femora,  and 
tibiae  of  one  mongrel  dog.  The  middle  3/4  of  each  bone  was  used  for 
implantation  sites,  and  the  periosteum  stripped  off  the  bone  prior  to 
drilling.  For  Type  I  screws,  only  a  pilot  hole  was  drilled  in  the  near 
cortex  and  the  screw  inserted,  as  shown  in  Figure  2.  Type  II  screws 
were  inserted  after  the  pilot  hole  was  drilled  through  both  cortices, 
and  a  clearance  hole  made  in  the  near  cortex.  Two  types  of  installa¬ 
tions  were  used  with  Type  III  screws  in  order  to  assess  the  effects  of 
bone-bioglass  spacing.  Type  1 1 1 A  screws  were  installed  into  holes 
identical  to  those  for  Type  II  screws,  i.e.,  a  pilot  hole  through  both 
cortices  and  a  pilot  hole  to  provide  a  snug  fit  for  the  bioglass  cylin¬ 
der.  The  clearance  holes  for  Type  1 1  IB  screw  installations  were  en¬ 
larged,  so  that  the  hole  was  up  to  0.5  mm  larger  than  the  implant. 

Figure  3  illustrates  the  relative  locations  of  each  of  the  four  types  of 
screw  installations. 
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Fig.  2 


Four  types  of  installations  were  used.  Type  l  and  Type  II  in¬ 
stallations  use  uncoated  screws.  Coated  screws  installed  with 
minimal  clearance  between  bioglass  and  bone  are  labelled  Type 
1 1  I A ,  while  coated  screws  installed  in  oversize  clearance  hole 
are  referred  to  as  Type  1 1  IB. 


134 


f”'' •-  *&■/>.■  >5.  ^ f  * ***■*-->■>  ^ «*• 


HUMERI 


u 


II  IIIA  1 1  IB  I 


II  IIIA  1 1  IB  1 1  IB 


FEMORA 


II  IIIA  1 1  IB  1 1  IB 


II  IIIA  1 1  IB  I 


II 

IIIA 
1 1  IB 


TIBIAE 


left 


right 


Mid -line 
of  dog 


Fig.  3  Schematic  of  the  six  long  bones  of  the  dog  serving  as  implan¬ 
tation  sites  for  the  22  implants  used. 

Post-operatively  the  dog  was  allowed  to  move  about  in  his  run. 
Tetracycline  was  administered  for  one  week  prior  to  sacrifice  to  label 
new  bone  being  formed  at  the  time. 

The  dog  was  sacrificed  at  9  weeks  post-operatively,  and  all  six 
implanted  bones  excised.  The  periosteum  and  other  soft  tissue  sur¬ 
rounding  the  heads  and  the  points  of  all  screws  were  removed.  The 
bones  were  immediately  placed  on  a  torsional  load  cell  and  the  screws 
extracted  while  the  load  cell  recorded  the  torque  required  to  extract 
each  screw. 
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RESULTS 


The  maximum  torques  required  to  extract  each  of  the  screws  are 
listed  in  Table  1,  and  grouped  by  installation  type  in  Figure  4.  The 
extraction  torques  of  all  uncoated  screws,  Type  I  and  Type  II,  was  less 
than  0.3  N*m  (2.6  in*lb),  with  no  apparent  difference  between  screws 
through  a  single  cortex  and  screws  traversing  both  cortices. 

All  Type  1 1 1 A  screws,  with  a  snug  fit  between  bone  and  bioglass, 
required  torques  greater  than  0.3  N*m  to  extract,  with  an  average  of 
0.49  N’m.  Type  1 1 1 B  screws  appeared  to  divide  into  two  distinct  groups. 
Some  screws  required  high  torques  (0.57  ±  0.02  N*m)  for  extraction, 
suggesting  that  these  screws  behaved  like  Type  1 1 1 A  screws.  The  other 
group  of  Type  1 1 1 B  screws  required  low  torques  (0.24  ±  0.07  N-m)  for 
extraction,  which  is  similar  to  the  behavior  of  the  Type  II  screws. 

TABLE  1 

Extraction  Torques  For  Screws 
Installed  Transversely  in  Canine  Long  Bones'" 


Bone 

Left  Side 

Right 

Side 

Type 

Torque 
(N  *m) 

Type 

Torque 
(N  -m) 

Humerus 

I 

0.28 

II 

0.25 

1 1  IB 

0.56 

IIIA 

N.R. 

IIIA 

0.39 

1 1  IB 

0.59 

II 

0.14 

1 1  IB 

0.56 

Femur 

1 1  IB 

0.17 

II 

N.R. 

1 1  IB 

N.R. 

IIIA 

0.40 

IIIA 

0.70 

1 1  IB 

0.22 

II 

0.22 

I 

0.06 

Tibia 

II 

0. 19 

II 

0.22 

1 

IIIA 

0.67 

IIIA 

0.31 

- 

1 1  IB 

0.31 

1 1 1 B 

0.22 

'•Screws  1 

isted  in  proximal 

-to-distal  order. 

N.R.  -  no 

readings  were 

obta ined 

for  this  screw. 
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Extraction  Torques  (N-m) 


Fig.  4  Summary  of  the  extraction  torques  for  the  screws,  grouped  by 
type  of  installation.  The  mean  ±  one  standard  deviation  are 
indicated  by  the  vertical  and  horizontal  dashed  lines. 


For  purposes  of  comparison,  the  results  from  Type  I  and  Type  II 
screws  were  combined  into  one  group,  with  a  sample  size  of  7,  a  mean 
extraction  torque  of  0.19  N*m,  and  a  best  estimate  of  the  standard 
deviation  of  0.075  N*m.  The  student's  t  -  test  was  used  to  test  the 
significance  of  difference  between  mean  torques  for  various  groups,  and 
these  results  summarized  in  Table  2. 

Coated  screws  inserted  with  a  snug  fit  clearly  required  higher 
extraction  torques  than  uncoated  screws.  Coated  screws  inserted  into 
holes  of  varying  degrees  of  fit  did  not  demonstrate,  on  the  average,  a 
statistically  significant  higher  extraction  torque,  implying  that  more 
data  points  need  to  be  acquired.  No  statistically  significant  difference 
was  established  between  the  two  groups  of  coated  screws,  again  sug¬ 
gesting  more  data  points  are  needed. 

Examination  of  the  patterns  of  bone  labelled  by  tetracycline  is 
still  in  progress.  The  clearance  holes  show  evidence  of  vigorous  re¬ 
pair,  while  the  treaded  holes  in  the  opposing  cortex  show  relatively 
little  labelled  bone.  Coated  screws  with  low  extraction  torques  (Type 
1 1 1 B )  appear  to  show  less  fluroescence  in  the  adjacent  bone  than  firmly 
fixed  screws,  indicating  a  lower  level  of  osteogenic  activity. 
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TABLE  2 


Summary  of  Statistical  Comparison 
of  Average  Extraction  Torques 


Coinpa  r  1  son 


Student's  t-test 


Difference  between 
Mean  Extraction  Torques 


Uncoated  statistically 

vs.  t=3.l,  P<0.01  significant 

Type  I  ] 1 A 


Uncoated 

vs.  t=2.3,  P~0.05  significance  not 

Type  II  IB  demonstrated 


Type  1 1 1 A 

vs.  t=0.9,  P~0.A  not  significant 

Type  II  IB 


DISCUSSION 

The  overlap  of  the  distributions  for  the  extraction  torques  of  Type 
I  and  Type  II  screws  suggests  that  the  primary  contribution  to  the 
extraction  torque  in  all  screws  comes  from  the  part  of  the  screw 
threaded  into  the  cortex,  and  that  the  portion  of  the  screw  passing 
through  the  clearance  hole  in  the  near  cortex  is  not  mechanically  held 
firmly  in  the  bone.  Burstein,  et  al.  (3),  and  Schatzker,  et  a^.  (A) 
have  shown  that  a  screw  hole  fills  in  with  woven  bone,  which  remains 
radioluscent  for  a  considerable  time.  This  new  bone  does  not  appear  to 
grip  the  screw  threads  in  the  clearance  hole  very  tightly,  and  appar¬ 
ently  offers  no  resistance  to  the  extraction  of  the  screws. 

The  effect  of  the  glass  coating  on  the  extraction  torque  can  be 
found  by  subtracting  the  average  extraction  torque  for  uncoated  screws, 
0.19  N-m,  from  the  torques  measured  for  the  coated  screws.  These  values 
are  summarized  in  Figure  5,  which  illustrates  the  component  of  the 
extraction  torque  attributable  to  bone-bioglass  bonding.  Three  of  the 
screws,  all  Type  1 1 1 B ,  appear  to  be  totally  unaffected  by  the  bioglass 
coating.  Four  others  seem  to  be  lightly  bonded  to  the  bone,  while  the 
remaining  five  screws  appear  to  be  well  bonded  to  the  bone.  All  the 
bioglass  used  in  this  study  comes  from  a  lot  which  has  passed  the  "proof 
test"  for  bonding  ability  (2),  and  thus  the  failure  to  bond  must  be 


attributed  to  some  feature  of  the  installation.  The  relatively  low 
level  of  tetracycline  labelling  indicates  little  bone  apposition  is 
occurring,  and  that  the  bonding  process  has  been  inhibited.  The 
relatively  large  clearance  between  bone  and  hioglass  is  implicated  in 
the  inhibition  of  bonding,  but  more  data  points  are  needed. 


O  <3£> 

oo 

Type 

IIIA 

o 

<2> 

O 

<©0 

Type 

II  IB 

J _ 

t  * 

1  1  1 

0. 

0 

0.2 

0.4 

0.6 

Change  in  Extraction  Torque  (N-m) 


Fig.  5  Summary  of  the  contributions  of  the  bioglass  coatings  to  the 
extraction  torques. 


SUMMARY  AND  CONCLUSIONS 

Cobalt-chromium  screws,  some  uncoated  and  some  partially  coated 
with  bioglass,  were  implanted  transversely  in  long  bones  of  a  dog,  with 
a  pilot  hole  in  one  cortex  and  a  clearance  hole  in  the  other.  At  sacri¬ 
fice  nine  weeks  post-operat ivel y ,  the  screws  were  extracted  and  the  peak 
extraction  torque  recorded.  The  main  findings  were: 

1.  The  resistance  to  extraction  for  uncoated  screws  originated  in 
the  part  of  the  screw  threaded  into  the  bone,  not  in  the  portion  of  the 
screw  passing  through  the  clearance  hole.  Average  extraction  torque  for 
uncoated  screws  was  0.19  N-m. 

2.  A  bioglass  coating  around  the  portion  of  the  screw  passing 
through  the  clearance  hole  more  than  doubled  the  extraction  torque,  if 
the  coating  was  in  close  apposition  to  the  cortical  bone  post- 
operatively.  Average  extraction  torque  for  such  screws  was  0.49  N-m. 

3.  If  bioglass  is  not  in  close  apposition  to  cortical  bone 
initially,  the  formation  of  the  bone-bioglass  bond  may  be  delayed  or 
inhibited. 

4.  Bioglass  will  bond  to  cortical  bone,  if  the  bioglass  surface  is 
in  close  apposition  to  the  bone  and  no  motion  between  bone  and  implant 
takes  place. 
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E.  THE  HATE  OF  BOND  FORMATION  OF  BIOGLASS 
AND  DENSE  HYDROXY LAPAT I TE  IMPLANTS  IN  RATS 

by 

M.  Madden,  L.L.  Hench  and  M.  Jarcho 


INTRODUCTION 

Previous  studies  in  this  program  have  shown  that  the  histological 
and  chemical  nature  of  the  biogl ass-bone  bond  changes  as  a  function  of 
time.  One  of  the  objectives  of  the  present  study  is  to  establish  the 
change  in  strength  of  the  interfacial  bone-bioglass  bond  as  a  function 
of  time.  A  ininipush-out  model  developed  for  the  rat  is  modified  to 
produce  quantitative  analysis  of  interfacial  failure  stresses.  Data 
from  the  quantitative  interfacial  failure  analysis  was  used  to  select  a 
single  load  of  30  newtons  to  be  applied  to  the  rat  tibiai  implants  as  a 
pass-fail  criterion  for  bonding.  The  time  dependence  of  bonding  is 
measured  in  terms  of  the  fraction  of  implants  which  pass  the  30  newtons 
interfacial  loading. 

Earlier  studies  have  also  showed  that  the  bioglass-bone  bond  in¬ 
volves  the  formation  of  a  biologically  active  hydroxylapat 1 te  layer  at 
the  interface  between  the  implant  and  bone.  Recent  work  on  dense  hydro 
xylapatite  (durapatite)  implants  reported  by  one  of  the  authors  (MJ) 
also  shows  evidence  of  bone-durapatite  bonding  (1).  Therefore  a  second 
objective  of  this  study  is  to  compare  the  rate  of  bonding  of  durapatite 
with  the  rate  of  bioglass  using  the  same  rat  tibiai  minipush-out  model. 


EXPERIMENTAL  PROCEDURE 

The  protocol  for  the  quantitative  minipush-out  model  involved  time 
periods  of  2,  A,  and  8  weeks  with  20  45S5  Bioglass  and  20  Durapatite 
implants  per  time  period.  Implants  Amm  x  Amm  x  1mm  were  placed  in 
carefully  prepared  surgical  defects  in  rat  tibiae  following  procedures 
previously  described  (2).  At  sacrifice,  the  tibiae  were  removed, 
cleaned  of  soft  tissue,  placed  in  cold  Ringer's  solution,  and  kept 
refrigerated  until  the  mechanical  test  was  performed. 

An  accurate  measure  of  the  force  required  to  cause  failure  of  the 
bone  was  obtained  by  using  an  Instron  University  Testing  Machine.  The 
removed  tibia  was  placed  in  the  jig  as  shown  in  Fig.  1  with  the  im¬ 
planted  portion  centered  between  the  two  semi-circular  supports.  The 
ends  of  the  tibia  were  then  secured  by  the  screws.  These  two  supports 
can  be  independently  rotated  to  provide  optimum  orientation  for 
clamping.  Once  the  tibia  was  mounted,  these  supports  were  rotated 
simultaneously  about  one  axis.  The  base  on  which  the  two  supports  ride 
can  also  be  rotated  to  provide  optimum  orientation  about  the  second 
axis,  perpendicular  to  the  first.  The  forces  in  the  jig  resulting  from 
testing  of  the  implant  occur  perpendicular  to  sliding  surfaces  so  no 
locking  of  the  movable  parts  of  the  jig  is  necessary.  Proper  orien¬ 
tation  of  the  implant  during  testing  is  important  to  insure  the  implant 
bone  interface  is  loaded  in  shear  only. 


The  jig  containing  the  mounted  tibia  is  then  placed  on  the  bottom 
compression  platen  of  the  Instron.  The  movable  top  platen  was  not  used 
and  a  test  head  consisting  of  a  brass  rod  machined  to  a  .75mm  x  3.5mm 
rectangular  end  substituted.  The  test  head  shown  in  Fig.  1  is  of  iden¬ 
tical  geometry  but  made  of  plexiglass,  which  later  proved  too  weak  and 
had  to  be  replaced  with  the  brass  rod.  The  rectangular  end  of  the  test 
head  was  covered  with  a  small  piece  of  electrical  tape  to  prevent  im¬ 
plant  fracture  from  stress  concentrations  caused  by  surface  irregu¬ 
larities  on  either  the  implant  or  test  head. 

The  test  head  was  moved  close  to  the  implant  surface  and  the  im¬ 
plant  rotated  until  the  end  of  the  test  head  was  coincident  with  the  end 
of  the  implant  and  the  motion  of  the  test  head  parallel  to  the  surfaces 
of  the  implant.  Testing  was  performed  at  a  test  head  speed  of  .1"  per 
min.  Load  was  measured  continuously  using  a  strip  chart  recorder.  The 
tibia  was  loaded  until  failure  occurred.  After  testing,  the  tibia  was 
removed  from  the  jig  and  placed  in  10%  buffered  formalin. 

The  interfacial  area  was  determined  by  splitting  the  tibia  with  a 
razor  saw  in  a  plane  parallel  to  the  4mm  x  4mm  faces  of  the  implant  and 
bisecting  the  4mm  x  1mm  face.  The  interior  surfaces,  i.e.,  the  ones 
previously  in  contact  with  the  implant,  were  photographed  at  approxi¬ 
mately  4X. 

The  method  of  measuring  interfacial  contact  area  is  illustrated  in 
Fig.  2.  The  areas  of  the  bone  surfaces  in  contact  with  the  4mm  x  4mm 
faces  were  determined  by  planemetry  directly  from  the  photograph.  Many 
times,  but  not  always,  one  of  the  surfaces  of  the  implant  was  in  contact 
with  the  marrow  cavity,  as  shown  in  Fig.  2A.  The  area  of  the  marrow 
cavity  was  not  included  in  the  interfacial  area. 

The  interfacial  areas  of  the  edges  were  calculated  by  measuring 
lengths  Uj  -  £6 ,  shown  in  Fig.  2B,  and  assuming  the  trapezoidal  geometry 
with  a  1mm  altitude,  as  shown  in  Fig.  2C.  Since  the  area  of  a  trapezoid 
is  the  average  of  the  bases  multiplied  by  the  altitude,  the  angles 
between  the  non-parallel  edges  and  the  base  is  immaterial,  as  shown  in 
Fig.  2D. 

The  areas  were  summed  and  divided  into  the  failure  load  to  obtain 
the  interfacial  shear  stress. 

The  failure  loads  observed  in  this  and  a  previous  study  (1)  showed 
that  well  bonded  implants  could  easily  withstand  an  interfacial  load  of 
30  newtons.  Thus  a  sponge  forceps  was  modified  and  calibrated  to  pro¬ 
duce  in  sequence  ION,  20N,  and  30N  of  load  to  the  implant.  Details  of 
i  the  instrument  are  presented  in  Report  #7.  The  load  required  to  dis¬ 

lodge  the  implant  is  recorded.  Implants  bonded  sufficiently  to  with¬ 
stand  the  30N  load  without  dislodging  are  reported  to  have  "passed"  the 
qualitative  minipush-out  test.  Several  major  advantages  are  inherent  in 
the  qualitative  minipush-out  test:  1)  it  is  simple  and  quick  thus  per¬ 
mitting  a  large  number  of  samples  to  be  evaluated;  2)  it  can  be  per¬ 
formed  on  the  animal  in  the  final  moments  of  terminal  sedation  thus 
permitting  an  estimate  of  the  in  vivo  bond  strength;  and  3)  it  is 
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Figure  2A.  Implant  Configuration. 
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Figure  2B.  Areas  and  Dimensions  Determined 
from  Photograph 
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figure  2D.  All  of  these  Edge  Configurations 
have  the  Same  Area. 


Fig.  2  Interfacial  area  determinations. 
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inexpensive.  The  prime  disadvantages  of  the  procedure  are:  a)  inter¬ 
facial  areas  cannot  be  measured  which  prevents  calculating  failure 
stresses;  and  b)  misalignment  of  the  implant  and  loading  device  may 
occur  which  can  result  in  loss  of  accuracy. 


RESULTS  AND  DISCUSSION 

Considerable  problems  were  encountered  in  the  performance  of  the 
quantitative  minipush-out  tests.  There  was  sufficient  variation  in  the 
geometry  of  rat  tibiae  to  make  mounting  t  i me  consuming  lor  all  and 
impossible  for  some.  Some  bones  fractured  at  failure,  making  area 
determination  impossible.  A  majority  of  the  8  week  tests  failed  through 
the  implant,  as  shown  in  Pig.  3.  The  loads  for  failure  during  the  8 
week  tests  were  higher  than  expected  (M20N),  and  this  may  have  over¬ 
loaded  the  mounting  jig  sufficiently  to  cause  failure  by  bending  of  the 
specimen.  The  entire  8  week  series  on  both  materials  is  dropped  from 
the  Table  of  Results  (Table  1)  for  this  reason.  Because  of  the  high 
strength  of  the  interface  at  8  weeks  a  different  procedure  would  be 
required  to  measure  the  values  accurately. 


Fig.  3  Typical  failure  of  8  week  implants.  Failure  occurred  by  this 
means  for  both  durapatite  and  bioglass. 

I 

Results  for  the  2  and  4  week  tests  on  both  materials  are  given  in 
Table  I.  These  results  are  not  as  consistent  as  had  been  initially 
hoped.  Since  the  error  from  the  Instron  testing  machine  is  less  than 
1%,  the  wide  variation  must  be  due  to  other  errors,  i.e.,  areas  that 
appeared  to  be  bonded  in  fact  were  not,  or  some  unknown  biological 
variable*.  The  possibility  of  an  error  in  area  determination  is  sup¬ 
ported  by  examples  such  as  animals  number  37A  and  10A,  (Table  1),  which 
had  a  0  failure  load  but  not  a  zero  interfacial  area. 
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Areas  in  mm 
Loads  in  newtons 
Stresses  in  newtons/mm 


Results  of  the  time  dependence  of  bonding  for  both  materials  using 
the  qualitative  minipush-out  test  are  summarized  in  Table  II.  It  is 
apparent  from  these  results  that  reliable  bonding,  at  a  90%  level  dev¬ 
elops  by  10  days  for  both  materials.  By  30  days  100%  reliability  at  the 
30N  failure  load  has  been  established.  Thus,  these  results  confirm  the 
findings  of  the  quantitative  tests  reported  in  Table  I  and  establish 
that  the  qualitative  minipush-out  procedure  is  acceptable  for  rapid, 
inexpensive  evaluation  of  reliability  of  bone  bonding  implants. 


Time  Period 

Material 

TABLE  II 

Failure  load 
0-10  10-20 

(newtons ) 

20-30  >30 

Total  if 
of  rats 

7  days 

bioglass 

1 

2 

-- 

7 

10 

durapatite 

4 

1 

-- 

4 

9 

10  days 

bioglass 

-- 

-- 

1 

9 

10 

durapatite 

-- 

1 

-- 

9 

10 

21  days 

bioglass 

-- 

-- 

-- 

9 

9 

durapatite 

1 

1 

-- 

10 

12 

30  days 

bioglass 

-- 

-- 

-- 

14 

14 

durapatite 

-- 

-- 

— 

12 

12 

By  combining  results  of  both  experiments  it  has  been  shown  that  18 
of  23  bioglass  implants  survive  a  30N  interfacial  load  at  10-14  days  and 
23  of  23  bioglass  implants  survived  a  20N  interfacial  load  at  10-14 
days.  Also,  37  of  38  bioglass  implants  survived  a  30N  interfacial  load 
after  a  21-30  day  period  of  implantation.  A  previous  study,  Report  1/7, 
using  the  qualitative  minipush-out  model  showed  30  of  30  bioglass  im¬ 
plants  bonded  at  the  30N  load  or  higher  at  30  days  yielding  a  total  of 
67  of  68  bioglass  implants  which  have  been  shown  to  bond  at  a  30N  load 
level  by  30  days.  A  total  of  90  of  91  45S5  bioglass  implants  have  been 
shown  to  withstand  at  least  a  20N  load  by  a  30  day  period.  This  level 
of  confidence  in  developing  an  interfacial  bond  is  most  encouraging  for 
both  purposes  of  implant  quality  control  and  eventual  clinical  appli¬ 
cation  . 

The  reliability  of  bonding  of  the  dense  hydroxyapatite  material, 
durapatite,  is  good  but  not  quite  as  high  as  bioglass.  Again  combining 
results  from  the  both  sets  of  tests  yields:  17  of  26  at  a  30N  load 
after  10-14  days;  21  of  26  at  a  20N  load  after  10-14  days;  30  of  35  at  a 
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30N  load  after  21-30  days.  Thus,  a  total  of  51  of  61  durapatite  im¬ 
plants  have  been  shown  to  withstand  at  least  a  20N  load  by  a  30  day 
period  of  time.  The  lower  reliability  of  the  durapatite  bonding  may  be 
related  to  the  expitaxial  nature  of  the  mineralization  bond  to  this 
material.  It  may  be  more  sensitive  to  variations  in  the  width  sep¬ 
arating  the  implant  and  the  surgical  defect  than  bioglass  which  develops 
a  very  wide,  >100|Jm,  bonding  zone. 

Seven  days  is  the  lower  time  limit  for  this  type  of  test.  We  feel 
that  for  shorter  time  periods  the  accuracy  of  the  initial  fit  between 
the  defect  and  the  implant  has  a  large  effect  on  the  results,  i.e.,  the 
time  required  for  new  bone  to  grow  into  close  contact  with  the  implant 
is  as  important  as  the  time  required  for  the  bond  to  form  once  contact 
is  made. 

In  all  the  samples  investigated,  the  bony  tissue  around  the  implant 
site  appeared  macroscopically  nbrmal  for  both  bioglass  and  durapatite 
implants.  No  inflammation  or  infection  was  present.  Reaction  of  the 
soft  tissue  surrounding  the  extremeties  of  the  implants  was  minimal  and 
slightly  less  for  the  durapatite  samples  than  the  bioglass  implants. 

Of  the  many  materials  we  have  tested  using  this  procedure,  such  as 
dense  alumina,  porous  hydroxylapatite ,  calcium  phosphate  glasses  and  a 
variety  of  nonbonding  silicate  glasses,  durapatite  is  the  only  material 
that  has  demonstrated  bond  formation  rates  and  reliability  of  bonding 
reasonably  comparable  to  bioglass. 

The  quantitative  minipush-out  test  procedure  was  conceived  as  a 
rapid  and  inexpensive  extension  of  the  qualitative  mini-push  out  test 
and  hopefully  would  provide  an  alternative  to  the  use  of  dogs  or  other 
large  animals  for  quantitative  tests.  The  savings  in  animal  care  and 
surgical  costs  were  more  than  offset  by  the  increased  technician  time 
required  to  perform  the  mechanical  testing  and  area  determinations.  The 
wide  variation  in  results  do  not  warrant  the  amount  of  time  spent  in  the 
performance  of  the  tests. 


CONCLUSIONS 


Several  conclusions  drawn  from  the  data  include: 

1)  Bioglass  and  durapatite  implants  have  comparable  rates  of  bond 
formation  and  bond  strengths  up  to  eight  weeks  implant  time 

in  rats. 

2)  Between  4  and  8  weeks  the  load  required  for  failure  is  still 
increasing.  Whether  the  stress  at  failure  is  increasing  or 
the  bonding  area  is  increasing  at  a  constant  failure  stress 
was  undetermined. 

3)  A  small  fraction  of  both  materials  do  not  bond  (failure  load 
less  than  5N).  The  reliability  of  bioglass  at  a  20N  level  is 
at  99%  (90  of  91)  by  30  days.  The  reliability  of  durapatite 
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bonding  is  somewhat  less  than  bioglass,  e.g.,  84%  (51  of  61) 
at  20N  by  30  days. 

4)  Results  using  the  quantitative  minipush-out  test  show  a  slightly 
lower  bond  strength  and  rate  of  bond  formation  when  compared 
with  the  qualitative  minipush-out  test  series. 

5)  Any  future  quantitative  tests  could  best  be  done  on  larger 
animals,  e.g.,  dogs,  that  would  allow  many  samples  to  be 
placed  in  a  single  animal  and  thus  reduce  the  biological 
variables.  Testing  would  be  easier,  and  with  properly  sized 
implants  stresses  should  be  based  on  the  surface  area  of  the 
implant  and  the  assumption  that  all  of  this  area  is  in  contact 
with  cortical  bone. 
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F.  MECHANICAL  PROPERTIES  OF  THE  BONE-BIOGLASS  INTERFACE 

by 

D.E.  Clark,  W.A.  Acree  and  L.L.  Hench 


The  bonding  of  bioglass  to  bone  has  been  established  in  Reports 
1-8.  Furthermore,  the  chemical  compositional  variations  that  occur  at 
the  bone-bioglass  interface  have  been  well  characterized  in  this  re¬ 
search  program.  However,  the  correlation  between  the  interfacial  chem¬ 
ical  profiles  and  mechanical  properties  of  the  interface  has  not  been 
evaluated  until  now.  The  possibility  that  the  bioglass-bone  interface 
is  elastically  compliant  is  raised  by  the  finite  element  stress  analyses 
of  bioglass  tooth  implants  in  canine  evaluated  by  Klawitter  and  Weinstein 
at  Tulane  University,  New  Orleans,  LA.  The  objective  of  the  present 
investigation  is  to  use  microhardness  measurements  across  bonded  inter¬ 
faces  of  specimens  that  have  been  implanted  for  various  periods  of  time 
to  determine  the  gradation  in  mechanical  properties. 

It  is  known  that  during  implantation  the  surface  of  the  bioglass  is 
depleted  in  Na ,  Ca  and  P,  thus  producing  a  Si-rich  layer.  Subsequently, 
the  Ca  and  P  are  redeposited  onto  the  implant  surface,  i.e.,  over  the 
Si-rich  layer.  The  composition  of  this  Ca ,  P  layer  varies  over  a  finite 
thickness  of  10-30  microns.  At  the  Si-rich  interface,  the  concentra¬ 
tions  of  Ca  and  P  are  low  whereas  at  the  bone  interface  the  concentra¬ 
tion  of  these  elements  are  much  higher  and  approximately  equivalent  to 
their  concentrations  in  the  bone.  Thus,  a  smooth  compositional  gradient 
is  established  across  the  bone-bioglass  interface  during  bonding.  As 
shown  in  Report  //8 ,  the  thickness  of  these  layers  stabilizes  after  ~1 
year  implantation  in  rat  tibia. 

It  is  proposed  that  since  the  composition  varies  across  the  inter¬ 
face  (over  a  distance  of  >100  microns),  the  mechanical  properties  must 
also  vary.  It  is  extremely  difficult,  if  not  impossible,  to  measure 
certain  mechanical  properties  such  as  tensile  strength  and  elastic 
moduli  of  this  interface  with  existing  technology.  However,  it  is 
possible  to  measure  the  hardness  variations  across  the  interface.  This 
important  materials  parameter  is  related  to  the  elastic  modulus  of  the 
material.  Although  not  necessarily  a  linear  relationship,  high  values 
of  hardness  usually  correspond  to  high  values  of  the  elastic  modulus. 

A  rat  tibia  in  which  a  45S5  bioglass  specimen  had  been  implanted 
for  one  year  was  analyzed  using  the  electron  microprobe  (EMP).  The  EMP 
method  employed  is  described  in  detail  in  Report  1/8.  The  compositional 
variations  that  occurred  at  the  cortical  bone-bioglass  interface  are 
shown  in  Fig.  1.  The  thickness  of  the  Si-rich  layer  that  developed 
during  the  one  year  period  was  ~60  microns  and  the  thickness  of  the  Ca , 

P  layer  was  ~20  microns. 

Hardness  values  were  obtained  across  this  same  interface  using  a 
Kentron  microhardness  tester.  As  with  the  EMP,  the  hardness  data  shown 
in  Fig.  1  represent  hardness  values  at  various  locations  across  the 
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Fig.  1  Electron  microprobe  analysis  and  hardness  evaluation  of  the 
bone-bioglass  interface  for  a  one  year  rat  tibial  implant. 


bone-bioglass  interface.  This  microhardness  tester  features  a  constant 
load  applied  to  a  pyramid  shaped  indentor.  The  angle  of  penetration  is 
136°.  The  dimensions  of  the  indentation  left  on  the  specimen  depend  on 
its  ability  to  deform  plastically.  In  order  to  obtain  a  hardness  measure¬ 
ment,  the  diagonal  of  the  square  indentation  is  measured  and  used  in  the 
following  formula: 


Hardness 


21.  Sin  a/2 


d 


2 


where  L  =  load 
a  =  136° 

d  =  length  of  diagonal  of  indention  measured  in  microns 
Typical  values  of  the  dimensions  of  the  diagonals  are  1-20  microns. 

Hardness  values  are  usually  reported  in  Vickers  units  which  range 
from  900-1300  for  most  glasses  to  200  for  metals  such  as  steel.  The 
magnitude  of  the  load  is  extremely  important  when  measuring  the  hardness 
of  glasses.  Excessive  loads  cause  cracking  of  the  glass  and  give  spur¬ 
ious  hardness  values.  When  the  load  is  too  small,  the  dimensions  of  the 
indentation  become  difficult  to  measure  leading  to  considerable  error  in 
the  measurement.  A  105  gram  load  was  found  to  be  adequate  for  measuring 
the  hardness  of  the  bone-bioglass  interface.  Indentations  were  made 
starting  in  the  bulk  bioglass  near  the  interface.  Measurements  were 
also  taken  in  the  middle  of  the  Si-rich  layer,  in  the  middle  of  the  Ca , 

P  layer  and  in  the  bone  near  the  interface.  Two  measurments  were  taken 
in  each  position  across  the  interface.  The  results  are  plotted  on  the 
same  graph  as  the  EMP  data  in  Fig.  1  in  order  to  show  the  relative 
location  of  each  hardness  value. 

The  average  hardness  of  the  bulk  bioglass  is  1072;  that  for  the 
Si-rich  layer  in  884;  that  for  the  Ca,  P  layer  is  621;  and  that  for  the 
bone  is  403,  all  in  Vickers  units.  Thus,  there  is  a  smooth  decrease  in 
the  hardness  across  the  bone-bioglass  interface.  The  large  decrease  in 
hardness  between  the  bulk  bioglass  and  bone  corresponding  to  a  change  in 
elastic  modulus  and  difference  in  ability  to  deform  plastically,  is 
compensated  for  within  the  bonding  interface  by  the  intermediate  Si-rich 
and  Ca ,  P  layers.  These  layers  provide  an  incremental  and  smooth  de¬ 
crease  in  hardness  across  the  bone-bioglass  interface. 

Table  I  summarizes  hardness  values  obtained  across  the  bone- 
bioglass  interface  for  several  implant  times.  Two  sets  of  data  are 
listed  for  the  one  year  implant  time.  These  data  are  from  different 
interfacial  locations  on  the  same  specimen  (see  Fig.  2).  The  data  for 
the  second  and  third  specimens  listed  in  Table  I,  corresponding  to  6  and 
12  months  implantation,  were  measured  in  new  bone.  The  data  for  the 
first  and  fourth  specimens  in  Table  I  corresponding  to  1  and  12  months 
implantation  were  measured  in  cortical  bone.  The  same  general  trend  was 
observed  in  the  hardness  values  for  all  specimens;  the  hardness  de¬ 
creases  uniformly  from  the  glass,  through  the  Si-rich  and  Ca ,  P  layers, 
into  the  bone. 


TABLE  1 


Specimen 
1  month 
6  months 
12  months 
12  months 


Hardness  Values  Across  the  Bioglass-Bone  Interface  for 
Various  Implant  Times.  Refer  to  Figure  2  for  Location 
of  Measurement. 


Loca t i on 

Bulk  Glass 

Si -Rich  Layer* 

Ca?  F  Layer- 

Born 

2 

1339 

517 

286 

3 

1015 

696 

355 

177 

1 

973 

498 

350 

198 

2 

1072 

884 

621 

403 

"Measurement  taken  in  middle  of  layer. 


Fig.  2  Schematic  drawing  showing  cross  sectional  view  of  bioglass 
implant  in  the  rat  tibia. 
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Several  interesting  observations  can  be  made  about  the  results 
shown  in  fable  I.  The  continuing  decrease  with  time  in  microhardness 
value  for  the  bulk  glass  near  the  interface  is  perhaps  a  result  of 
continued  sodium  ion  depletion  from  the  glass.  The  implant  interface  in 
close  proximity  to  cortical  bone  (location  112)  shows  less  change  in 
microhardness  with  time,  assuming  the  initial  value  of  the  bioglass  is 
the  same  at  both  locations  which  is  reasonable.  The  hardness  values  of 
the  dense  cortical  bone  and  Ca ,  P  layer  in  contact  with  the  bone  are 
also  significantly  higher  in  location  //2  than  in  the  newly  formed  bone 
of  location  #1  for  the  1  year  specimen.  Apparently  the  density  of  the 
bone  in  contact  with  the  bioglass  and  its  vascularity  affects  the  mech¬ 
anical  properties  of  both  the  bone  and  the  interfacial  bond  developing 
between  the  implant  and  the  bone.  Additional  evaluation  of  the  micro- 
structural  features  of  the  bone  and  correlation  with  the  mechanical 
properties  of  the  interface  would  be  desirable.  Also,  it  is  important 
to  establish  the  importance  of  type  of  bone  on  the  rate  formation  of  the 
interfacial  bond  and  the  mechanical  strength  of  the  bond. 


G.  THE  PROMISE  AND  PROBLEMS  OF 
BIOCERAMICS  IN  TOTAL  JOINT  REPLACEMENT 

by 

L.L.  Hench 


I.  INTRODUCTION 

Bioceramics  are  defined  as  ceramic  materials  designed  to  achieve  a 
specific  biological  or  physiological  behavior.  The  use  of  bioceramics, 
in  addition  to  biopolymers  and  biometals,  provides  additional  versa¬ 
tility  in  the  materials  available  for  solution  of  health  care  problems. 

Research  objectives  for  use  of  bioceramics  in  total  joint  replace¬ 
ment  include  the  following: 

1.  Decrease  the  presence  of  metallic  corrosion  products, 

2.  Eliminate  polymer  debris  products  from  wear  of  articulating 
surfaces , 

3.  Minimize  friction  of  articulating  surfaces, 

4.  Minimize  rate  of  wear  of  articulating  surfaces  and  most 
i mportant ly , 

5.  Decrease  the  incidence  of  loosening  of  acetabular  and  espec¬ 
ially  femoral  components  by  eliminating  use  of  PMMA  by  either 

a)  achieving  a  minimal  fibrous  capsule  formation,  such  as 
with  dense  alumina  or  pyrolytic  carbon,  or 

b)  obtaining  a  direct  chemcial  bonding  across  the  bone- 
implant  interface  through  use  of  controlled  surface 
active  bioglass,  or  bioglass-ceramic  coatings  on  high 
strength  metallic  or  ceramic  substrates. 

It  is  just  within  the  last  15  years  that  the  interest  in  bioceramic 
implants  has  reached  its  present  level  of  intensity.  The  early  encouraging 
results  of  Smith  and  studies  of  a  ceramic-polymer  composite,  Cerosium 
(1-4),  followed  by  the  pioneering  efforts  of  Hulbert  and  Klawitter  in 
demonstrating  controlled  growth  of  tissue  into  porous  ceramics  (5,6), 
the  recent  clinical  successes  of  Boutin  in  using  high  density  alumina 
ceramics  for  replacement  of  hips  (7)  and  Bokros'  and  co-workers  develop¬ 
ment  of  pyrolytic  carbon  cardiovascular  devices  (8,9)  have  been  epochal 
steps  in  the  generation  of  the  field  of  bioceramics.  The  objectives  of 
this  paper  are:  1)  to  describe  briefly  the  various  approaches  taken 
towards  designing  bioceramic  materials;  2)  to  review  briefly  the  current 
status  of  potential  applications  of  bioceramics  in  total  joint 
prostheses;  and  3)  describe  the  current  problems  that  must  be  solved 
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before  various  bioceramics  can  be  used  routinely  in  joint  replacement  in 
humans.  The  interested  reader  is  referred  to  other  more  detailed 
reviews  for  additional  information  of  the  historical  development  of 
bioceramics  (5,9),  tissue  growth  in  porous  ceramics  (6),  and  interfacial 
problems  associated  with  bioceramic  implants  (10). 


II.  GENERAL  BIOCERAMIC  DESIGN  FACTORS 

A  successful  bioceramic  material  must  satisfy  a  large  number  of 
design  factors  as  discussed  in  a  recent  paper  by  the  author  (11).  Among 
others,  it  must  have  suitable  mechanical  and  biological  properties  and 
be  able  to  be  fabricated  into  functional  devices.  These  are  severe 
materials  design  limitations.  It  is  the  general  lack  of  toxic  com¬ 
ponents  in  many  ceramic  materials  that  has  led  to  the  considerable 
interest  in  designing  ceramics  for  medical  and  dental  applications.  A 
number  of  tests  have  been  developed  to  examine  the  biological  com¬ 
patibility  of  bioceramics  and  other  biomaterials.  Such  tests  usually 
involve  the  exposure  of  small  samples  of  bioceramics  to  the  soft  tissues 
of  small  animals  such  as  rodents  (12,13)  or  to  living  tissue  cultures  in 
incubators  (14,15).  Of  several  dozens  of  ceramic  compositions  examined 
by  such  means  only  a  few  have  shown  sufficient  compatibility  with 
tissues  to  justify  consideration  for  future  medical  and  dental  implants. 
Additional  requirements  of  sufficient  mechanical  strength  to  serve  a 
functional  need  as  an  implant  and  the  necessity  of  fabricating  the 
material  into  a  suitable  device  further  decreases  the  number  of  favor¬ 
able  bioceramic  compositions.  Consequently,  at  the  present  time  the 
field  of  bioceramics  can  be  generally  classified  into  three  types  of 
materials . 

Figure  1  illustrates  the  three  major  types  of  bioceramics  in  terms 
of  a  relative  reactivity  index.  Nearly  inert  bioceramics  show  little 
chemical  change  during  long  term  exposure  to  physiological  solutions. 
Tissue  response  to  this  class  of  bioceramics  involves  a  very  thin, 
several  micrometers  or  less,  fibrous  membrane  surrounding  the  implant 
materials.  Because  fibrous  tissues  do  not  chemically  bond  to  nearly 
inert  bioceramics,  fixation  within  the  body  must  be  established  by  a 
strong  mechanical  interlock  with  tissues.  High  purity  alumina  and 
pyrolytic  carbons  are  currently  the  most  acceptable  bioceramics  of  this 
type.  When  high  strength  is  required,  fully  dense  alumina  or  pyrolytic 
carbon  is  utilized  and  the  mechanical  interlock  is  provided  by  large 
perforations  in  the  implant,  threads  or  steps  on  the  surface  (6,16),  or 
use  of  polymethylmethacrylate  grouting  agent  between  the  implant  and 
bone  to  provide  short  term  mechanical  frictional  fit.  When  strength 
requirements  are  sufficiently  low,  large  pores  of  50  to  200  pm  cross 
sectional  diameter  can  be  utilized  to  establish  mechanical  interlocking 
by  tissue  ingrowth  (5-8,17).  This  approach  is  shown  in  Fig.  2. 

This  ini  croradiograpti  obtained  by  Klawitter  and  Hulbert  illustrates 
bone  (B)  growing  into  the  pores  of  200  pm  pores  of  an  alumina  ceramic 
implanted  in  a  rabbit  femur  for  8  weeks. 

A  very  high  degree  of  control  over  the  size  and  interconnection  of 
the  porosity  can  be  achieved  by  the  innovative  replamineform  process 


Fig.  1.  Bioceramics  reactivity  spectrum.  (A)  Resorbable  bioceramic 
e.g.,  Ca3  (P04)2;  (B)  Moderate  surface  reactive  bioglass; 
e.g.,  Na20-Ca0-P205-Si04 ;  (c)  Low  surface  reactive  bioglass 
ceramic;  e.g.,  Na20-Ca0-CaF2-P205-Si02 ;  (D)  Nearly  inert 
bioceramics,  e.g.,  A1203  and  pyrolytic  carbon. 


Fig.  2.  Bone  growth  into  porous  alumina  (by  J.  Klawitter  and 
S.  Hulbert). 


developed  by  White,  Weber,  Roy  and  co-workers  (18).  In  this  process  the 
uniform  pore  skeletal  structures  of  certain  marine  invertebrates  is 
replicated  in  the  form  of  high  purity  alumina  or  other  materials  or 
directly  converted  to  hydroxyapatite. 

Fatigue  and  wear  studies  on  fully  dense  alumina  exposed  to  physio¬ 
logical  conditions  have  reported  there  is  little  reason  for  concern  for 
the  long  term  stability  of  this  type  of  material  (18-20).  However, 
aging  and  fatigue  studies  of  porous  alumina  conducted  by  Frakes,  Brown 
and  Kenner  indicate  that  there  may  be  considerable  concern  for  the  long 
term  strength  of  porous  bioceramics  (20).  Strength  reduction  of  porous 
ca Ic i um-a 1 uminate  bioceramics  (21)  with  load  and  implantation  is  par¬ 
ticularly  severe  (20)  with  fracture  stresses  decreasing  to  a  range  of 
only  700-900  psi.  As  will  be  discussed  in  detail  later,  recent  fracture 
mechanics  lifetime  predictions  of  even  fully  dense  alumina  indicate  a 
severe  long  term  fatigue  problem  if  tensile  stresses  are  present  (46). 

At  the  other  extreme  of  the  bioceramic  reactivity  spectrum,  Fig.  1, 
are  totally  resorbable  bioceramics  (22-24).  Such  materials  must  have 
compositions  that  contain  only  elements  that  are  easily  processed 
through  normal  metabolic  pathways  such  as  Ca  and  P.  With  time  such 
reactive  bioceramics  are  totally  resorbed  by  the  body  and  replaced  by 
tissues.  Consequently,  the  function  of  totally  resorbable  bioceramics 
is  merely  to  serve  as  a  scaffolding  or  filler  of  space,  permitting  tissue 
infiltration  and  replacement.  This  is  a  similar  function  of  that  pro¬ 
vided  by  bone  grafts  from  the  host.  However,  a  major  advantage  of  the 
use  of  resorbable  ceramics  over  host  bone  grafts  is  a  ready  supply, 
controlled  variations  in  size,  and  elimination  of  a  second  surgical 
procedure.  However,  a  disadvantage  of  this  type  of  bioceramic  is  the 
serious  strength  reduction  that  occurs  during  the  resorbtion  process. 
Consequently,  mechanical  design  factors  must  be  seriously  considered  to 
eliminate  fracturing  of  the  tissue  and  resorbable  ceramic  structure 
during  the  intermediate  stages  of  healing.  One  material,  tricalcium 
phosphate,  appears  to  be  the  most  outstanding  success  of  a  bioceramic  of 
this  type  (23,24).  Calcium  aluminate-phosphate  compositions  also  show 
promise  in  monkey  models.  Micrographs,  courtesy  of  Graves,  et  al.  (22), 
Fig.  3,  show  the  resorbtion  of  the  microstructure  of  a  52  w/o  CaO,  48 
w/o  Al203,  20  w/o  P205  bioceramic  during  16  weeks  in  a  monkey  femur. 

There  is  a  strong  compositional  dependence  of  the  rate  of  resorbtion  in 
the  various  systems  of  this  type. 

Bioceramics  in  the  middle  of  the  reactivity  spectrum,  Fig.  1,  are 
based  upon  the  concept  of  controlled  surface  reactivity  of  the  material. 
In  this  class  of  bioceramics  the  composition  is  designed  such  that  the 
surface  undergoes  a  selected  chemical  reactivity  with  the  physiological 
system  establishing  a  chemical  bond  between  tissues  and  the  implant 
surface  '5-35).  The  chemical  reactions  are  such  that  the  bonded  inter¬ 
face  protects  the  implant  material  from  further  deterioration  with  time. 
Thus  the  potential  of  this  approach  is  to  combine  the  high  strength  of 
nearly  inert  bioceramics  or  biometals  with  surface  chemical  reactivity 
favorable  to  tissue  bonding.  Since  controlled  surface  reactive  implants 
are  riot  restricted  to  being  stabilized  with  the  tissues  only  by  mech¬ 
anical  interlocking,  more  flexibility  in  device  design  and  fabrication 
can  be  achieved.  Bioglass  and  bioglass-ceramic  compositions  developing 


Resorbable  bioceramics  (courtesy  G.  Graves) 


resorbtion  by  bone, 
resorbtion  after  16  weeks 


a  reactive  calcium  phosphate  mineralizing  bond  with  bone  are  successful 
examples  of  this  approach  towards  bioceramics  (25-35). 


Figure  4  illustrates  the  structural  contiguity  that  develops  at  a 
bone  and  bioglass  interface.  A  microtomed  700  A  thin  section  of  a  45S5 
bioglass  implant  in  a  rat  tibia  for  3  weeks  is  shown  in  the  scanning 
transmission  mode  of  a  Phillips  EM  301  microscope  (Fig.  4).  The  dark 
areas  are  structural  remnants  of  the  interfacial  bridges  between  bone 
and  bioglass  after  passage  of  the  microtome,  which  also  fractures  the 
section  (light  areas).  In  Fig.  5  is  shown  the  results  of  compositional 
point  counting  at  0.1  pm  intervals  in  the  thin  section  at  points  1-4 
using  energy  dispersive  X-ray  analysis  in  the  transmission  electron 
microscope.  The  Si  in  the  bioglass  implant  serves  as  a  tracer  to  iden¬ 
tify  the  interface.  There  is  a  transition  between  bioglass  and  bone 
between  points  3  and  4.  The  compositional  spectrum  at  point  4  is  charac¬ 
teristic  of  bone,  the  spectrum  at  point  1  is  that  of  bioglass  and  those 
in  between  are  characteristic  of  the  interfacial,  chemically  bonded 
bridge  between  the  implant  and  bone.  To  the  author's  knowledge,  this 
data  represents  the  first  direct  proof  of  the  ability  of  a  foreign 
material  to  form  a  stable,  compatible  bond  with  living  tissues. 


Scanning  transmission  electron  micrograph  of  bone-bioglass  bonds 
Area  (I)  is  bioglass  and  area  (II)  is  bone  (see  Fig.  5A  for 
compositional  analysis).  Points  represent  point  count  analysis 
(see  Fig.  5B). 
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Fig.  5.  (A)  Energy  dispersive  X-ray  spectra  of  areas  (I)  and  (II)  in 

Fig.  4.  Peak  assignments  of  Ca  and  P  (from  bone),  Ca ,  P,  Si 
(from  bioglass)  and  A1  (from  sample  holder)  are  indicated. 

(B)  Similar  to  5A  but  for  region  equivalent  to  points  shown 
in  Fig.  4.  Peak  assignments  are  the  same. 
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High  density  apatite  ceramics  may  also  be  promising  as  bioceramics 
(36-39)  that  form  a  bond  with  bone. 

Potential  applications  of  nearly  inert,  resorbable,  and  surface 
reactive  bioceramics  in  total  joint  replacement  are  described  in  the 
following  section.  The  final  section  delineates  current  problems  asso¬ 
ciated  with  these  potential  applications. 

III.  POTENTIAL  ORTHOPAEDIC  APPLICATIONS 

Dr.  P.  Boutin's  implantations  in  France  of  more  than  700  hip  joints 
of  high  density  99%  alumina  bioceramics  has  pioneered  the  accelerating 
use  of  high  density  alumina  in  orthopaedic  skeletal  repair  (7).  The 
Boutin  prosthesis  is  composed  of  a  nearly  inert  high  density  alumina  ball 
and  socket  joint.  The  ball  component  of  the  joint  is  attached  by  a 
mechanical  self-locking  joint  to  a  titanium  shaft  to  go  into  the  femur. 
Eoth  halves  of  the  joint  are  cemented  into  place  using  polymethyl¬ 
methacrylate  (PMMA)  bone  cement.  The  purpose  of  the  alumina  joint  over 
the  standard  prostheses  composed  of  a  metal  ball  with  high  density 
polyethylene  or  metal  cups  is  to  reduce  the  wear  within  the  joint  and  to 
eliminate  metallic  or  polymeric  wear  particles  which  can  be  toxic.  A 
five  year  followup  of  590  cases  shows  no  mechanical  failure  of  the 
alumina  components  after  implantation  (7). 

The  efforts  of  Drs.  Griss  and  Heimke  and  co-workers  (19,40)  have 
been  directed  towards  elimination  of  the  use  of  PMMA  bone  cement  as  well 
as  reduction  of  wear  within  the  joint.  They  have  achieved  part  of  their 
objective  by  recently  completing  the  design  and  implantation  of  more 
than  100  high  density  alumina  joints  in  patients  in  both  Germany  and  the 
U.S.  The  acetabular,  component  is  mechanically  screwed  into  the  hip 
after  preparation  of  a  carefully  tapped  hope  in  the  bone,  or  is  fit  into 
a  square  osteotomed  cavity.  PMMA  is  not  used  with  either  acetabular  cup 
designs.  Special  surgical  tools  are  required  and  are  available.  The 
femoral  component  in  the  Griss-Heimke  hip  continues  to  be  a  metal  shaft 
and  at  present  is  cemented  into  place  with  PMMA.  Thus,  approximately 
one-third  of  the  typical  quantity  of  PMMA  is  required  for  this  pros¬ 
theses  . 

The  Griss-Hemike  animal  research  does  not  show  promise  for  the  use 
of  a  total  alumina  oxide  femoral  component.  Although  some  successful 
tests  have  been  completed  in  sheep,  most  femoral  stems  of  fully  dense 
alumina  fracture  after  several  months  of  use  (41). 

A  further  aspect  of  the  Griss-Hemike  study  is  the  collaboration 
with  the  author's  research  team  which  has  resulted  in  the  fabrication  of 
single  and  multiple  layers  of  bioglass  coatings  on  high  density  alumina 
total  hip  prostheses  (42,43).  Results  from  bone  bonding  studies  in  rats 
and  dogs  indicate  that  the  bioglass  coated  alumina  does  bond  to  bone  and 
prevents  formation  of  a  fibrous  capsule  (43,44).  Total  hip  prostheses 
composed  of  bioglass  coated  alumina  have  shown  the  capability  of  estab¬ 
lishing  a  direct  chemical  bond  with  the  bone  in  sheep  (42,44).  Figure  6 
shows  results  of  a  successful  3  month  implant.  Mechanical  testing 
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Fig.  6.  Bioglass  coated  high  density  alumina  total  hip  after  3  months 
implantation  in  a  sheep  (courtesy  of  P.  Griss,  G.  Heimke,  and 
J .  Jentschura) . 


( A )  Acetabular  component  firmly  bonded  into  place  with  use  of 
bone  cement.  Notice  healthy  blood  supply  (white  lines). 

(B)  Femoral  stem  bonded  into  place  by  the  bioglass  coating. 
Notice  new  bone  and  blood  capillaries  at  end  of  the 
implant . 
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showed  th.jt  both  femoral  and  acetabular  components  of  the  prostheses 
were  firmly  bonded.  X-radiographic  evidence  showed  new  bone  formation 
at  the  areas  ol  maximum  stress  tor  both  femoral  and  acetabular  com¬ 
ponents  and  angiography  shows  good  aterial  supply  to  the  bonded  inter¬ 
face  (42). 

However,  further  testing  of  total  hips  of  the  bioglass  coated  dense 
alumina  in  sheep  did  not  lead  to  successful  implants.  Fracture  of  the 
femoral  component  was  typically  observed.  A  recent  analysis  of  the 
failure  ol  these  devices  (44)  shows  that  there  is  a  tendency  for  separ¬ 
ation  of  the  bioglass  coating  from  the  alumina  substrate.  Bonding  of 
the  bone  with  regions  of  bioglass  was  observed  but  continuous  bonding 
and  stem  fixation  did  not  result  due  to  failure  at  the  glass-alumina 
interface . 

Subsequent  improvements  of  the  bond  at  the  bioglass-alumina  diffu- 
sional  interface  have  apparently  eliminated  this  type  of  failure  based 
upon  the  recent  success  ol  SmiLh  using  this  type  ol  implant  for  ortho¬ 
paedic  manipulation  of  the  jaw  in  several  monkeys  (45).  Loads  from 
orthodontic  appliances  applied  to  the  bioglass-coated  alumina  implants 
were  sufficient  to  close  the  bony  defects  without  movement  of  the  im¬ 
plants,  fracture  of  the  devices,  or  failure  of  either  the  bioglass- 
alumina  interface  or  bioglass-bone  interface.  However,  even  the  best 
bioglass  coated  alumina  tested  to  date  also  shows  evidence  of  suscep¬ 
tibility  to  long  term  fatigue,  although  not  as  severe  as  uncoated 
a  1 umina  (46)  . 

At  the  present  time  the  most  promising  bioceramic  system  for  joint 
reconstruction  without  use  of  PMMA  is  based  upon  bioglass  coated  sur¬ 
gical  metal  alloys.  Evaluation  of  the  biomaterials  and  device  design 
involves  use  of  a  femoral  head  replacement  in  monkey.  Short  term 
immobilization  of  the  femoral  stem  of  the  prosthesis  is  ensured  by  using 
a  square  cross  section  of  the  stem  and  a  tight  mechanical  fit  at  sur¬ 
gery.  Bonding  between  the  bioglass  coating  and  hone  develops  within 
several  weeks  to  provide  long  term  fixation.  The  animals  are  permitted 
to  use  the  implanted  limbs  as  they  desire  upon  recovery  from  anesthesia. 
Visual  inspection  of  the  animals  in  the  run  indicates  that  full  load 
bearing  is  applied  within  a  couple  days  post-op.  We  feel  this  approach 
is  essential  for  a  mature  interfacial  chemical  bond  to  develop  between 
the  coating  and  bone. 

The  first  primates  implanted  were  stuinptail  monkeys  using  45S5F 
bioglass  flame  spray  coated  onto  316L  surgical  stainless  steel  devices. 
After  12-14  months  the  animals  were  sacrificed  and  the  prostheses  could 
not  be  forcibly  extracted  from  the  medullary  canal  (34,44).  Metallic 
corrosion  of  the  device  was  also  prevented  by  use  of  the  bioglass 
coating  as  shown  using  TF,M  histology  of  soft  tissues  adjacent  to  the 
head  of  the  prosthesis  (31). 

In  a  subsequent  experiment  a  somewhat  smaller  prosthesis  of  the 
same  configuration  (44)  was  implanted  in  Cynamologous  monkeys  (mieaca 
fasicularis)  using  a  similar  surgical  technique  (31,  47). 
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Attn  t>  months  of  use,  the  femoral  head  replacement  was  found  to  he 
almost  totally  surrounded  with  hone  and  was  tight  within  the  femoral 
stem,  even  after  a  I  I  the  bone  around  the  proximal  end  of  the  implant  had 
been  resected.  Mechanical  testing  ot  the  implant  was  conducted  within 
24  hours  after  sacrifice.  At  a  force  of  258  Ib-f,  the  distal  condyles 
were  torn  oft  the  bone  with  no  loosening  ot  the  implant.  Three  point 
bend  tests  causing  fracture  of  the  bone  at  257  Ib-f  also  did  not  loosen 
the  implant.  After  the  mechanical  testing,  the  implant  in  its  bony  bed 
was  sectioned  with  a  diamond  watering  saw  for  analytical  evaluation  of 
the  bone-implant  interface. 

The  45S5F  bioglass-coated  femoral  head  of  monkey  hip  prosthesis 
still  attached  to  bone  (B)  after  mechanical  testing  is  shown  in  Fig.  7.  A 
portion  of  the  bone  has  been  removed  by  osteotome  to  expose  the  implant 
surface  (G).  Fragments  of  bone  are  still  attached  to  the  exposed  sur- 
fat  e. 


Fig.  7.  Bioglass-coated  femoral  head  of  monkey  hip  prosthesis  showing 
(B)  attached  bone  and  (G)  osteotome-exposed  implant  surface 

(2X3  - 
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A  scanning  electron  micrograph  of  a  cross  section  of  the  implant 
and  bone,  Fig.  8a,  shows  three  morphological  regions:  metal  (M),  bio¬ 
glass  coating  (BG),  and  bone  (B).  Microporosity  which  can  be  seen  at 
the  bioglass-metal  interface  often  occurs  in  flame  spraying  and  can  lead 
to  destruction  of  the  bioglass-metal  bone  in  vivo  if  a  sufficiently 
large  number  of  such  micropores  are  present.  A  fracture  line  of  crack 
(C)  runs  along  a  portion  of  the  bioglass-bone  interface.  As  discussed 
below,  it  is  likely  that  this  is  a  drying  crack  between  the  bioglass  and 
the  interfacial  bonding  gel  layer.  No  evidence  of  a  fibrous  capsule 
between  the  bone  and  the  implant  is  present  in  this  section.  However, 
during  sectioning  of  the  femur  and  the  implant  stem,  not  all  portions  of 
the  bone  remained  attached  to  the  glass;  this  indicates  that  less  than 
100%  of  the  interface  is  bonded  at  6  months. 

Energy  dispersive  X-ray  (EDX)  analysis  of  three  regions  50  pm  from 
each  other  across  the  bioglass-bone  interface  are  given  in  Figs.  8b,  8c, 
and  8d.  The  EDX  data  show  a  decrease  in  concentration  of  Si  and  a 
variation  in  the  Ca/P  ratio  across  the  interface  from  bioglass  to  bone. 

It  is  important  to  note  that  these  compositional  gradients  occur  across 
a  region  that  is  structurally  contiguous  and  morphologically  uniform. 

EDX  analysis  at  various  locations  around  this  section  of  the  implant- 
bone  interface  shows  similar  results. 

Results  similar  to  those  obtained  for  the  monkey  femoral  head 
prosthesis  were  obtained  in  just  10  days  with  bioglass-coated  316L 
stainless  steel  implants  in  rat  tibiae.  A  45S5  bioglass  coating  was 
applied  to  both  sides  of  the  steel  implant  by  using  a  recently  developed 
immersion  coating  process  (Reports  #7  and  #8).  This  process  eliminates 
most  of  the  microvoids  at  the  bioglass  (BG)-stainless  steel  (SS)  inter¬ 
face,  as  can  be  seen  in  Fig.  9a. 

After  ten  days  post-operative,  the  animal  was  sacrificed  and  the 
tibia  removed.  The  implant  resisted  mechanical  removal  by  a  30  N  minipush- 
out  test  recently  developed  (Report  #7).  SEM  evaluation  of  the  bone- 
implant  interface  showed  that  40-60%  of  the  implant  surface  had  achieved 
a  bony  union  at  the  10  day  interval.  An  SEM  of  one  of  the  bonded  areas 
is  shown  in  Fig.  9a  and  the  corresponding  EDX  data  across  the  contiguous 
junction  are  given  in  Figs.  9b,  9c,  and  9d.  The  compositional  gradients 
characteristic  of  the  bioglass-bone  interface  are  similar  to  those  shown 
above  for  the  monkey  implant,  indicating  a  decline  in  Si  content  across 
the  interface  from  glass  to  bone. 

Lack  of  control  over  the  bioglass  flame  spray  coating  process  led 
to  a  considerable  number  of  failures  of  femoral  head  prostheses  in 
monkeys  due  to  corrosion  between  the  metal  and  the  bioglass  coating 
resulting  in  spalling  of  the  glass.  Thus,  motion  of  the  metal  stem  in  a 
shell  of  bioglass  bonded  bone  occurred  which  is  an  unsatisfactory 
result . 

The  rapid  immersion  process  for  coating  45S5  bioglass  onto  3316L 
surgical  stainless  steel  has  recently  been  extended  to  the  coating  of 
femoral  head  prostheses  for  the  monkey  model.  The  rapid  immersion 
coating  process  eliminates  most  of  the  microporosity  between  the  coating 
and  the  metal  an  results  in  a  reliable  coating  that  can  be  fabricated 
routinely  including  devices  as  large  as  the  stem  of  Moore  prostheses. 
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(a)  Cross-sectional  view  of  a  monkey  hip  implant  and  bone  with 
the  metal  (M) ,  bioglass  coating  (BG),  and  bone  (B)  indicated. 
Interfacial  regions  (b,c,d)  are  identified  by  corresponding 
F.DX  spectra. 
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Fig.  9.  (a)  Biogl ass-coated  stainless  steel  rat  tibiae  implant  with 

three  interfacial  regions  (b,c,d)  identified  by  corresponding 
KDX  spectra. 

The  prime1  objective  of  the  most  recent  experiments  is  to  determine 
how  rapid  a  strong  mechanical  interfacial  bond  is  achieved  with  the 
bioglass  coatings.  Thus,  the  implants  are  tested  eight  weeks  post- 
operatively  wing  a  tensile  pull  out  test  of  the  device  post  sacrifice. 
The  results  recently  reported  (50)  show  that  tensile  loads  as  high  as 
157  If)  force  have  been  withstood  by  the  femoral  stem-bone  interface 
before  failure  occurred.  At  this  level  of  loading  the  bone-bioglass 
bond  remained  intact  and  the  coating  came  off  portions  of  *  he  metal 
stem. 


Thus  the  current  status  of  the  bioglass  coated  5161.  stainless  steel 
system  is  summarized :  Bonding  of  the  bioglass  coating  to  the  bone  of 
the  medullary  canel  occurs  at  least  as  early  as  eight  weeks.  The  im¬ 
plant  is  functional  within  days  after  surgery.  Tensile  testing  of  the 
bonded  stem  results  in  an  interfacial  strength  greater  than  the  lemur, 

2.68  lb-t  ,  it  the  coating  does  riot  separate1  from  the  metal  .  The  1  lame 
spray  coating  process  is  not  reliable  at  the  present  time.  Debonding  ol 
the  rapid  immersion  coating  from  the  5161.  surgical  stainless  steel  is 
still  observed,  albeit  at  loads  several  times  body  weight. 

The  latest  advance  in  achieving  a  highly  reliable  bioglss-meta I 
interface  on  a  high  strength  surgical  alloy  and  still  maintaining  bioglass 
bone  bonding  is  the  recently  reported  bioglass  coated  -  Co,  Cr  alloy 
system  (47).  A  series  of  bioglass  compositions  within  bone  bonding 
region.  Fig.  10,  was  optimized  for  coating  on  Vitallium  ,  a  Co-Cr 
surgical  alloy.  The  optimal  composition,  designated  62S4.6  results  in  a 
very  thin  diffusional  bonding  zone  between  glass  and  metal,  Fig.  11, 
that  can  be  produced  uniformly  over  the  stem  of  femoral  prostbeses  with 
a  minimum  of  interfacial  porosity  or  alteration  of  physical  properties 
of  t he  met a  1  . 
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Electron  micrograph  interfacial  compositional  profile  of 
bioglass  coated  (52S4.6)  vitallium  implanted  for  30  clays  in  a 
rat  tibia. 


Testing  of  corrosion  susceptibility  of  the  52S4.6  bioglass-Vi ta 1 1 i um 
interface  has  been  performed  in  the  rat  in  the  following  manner.  An 
implant  4  mm  x  4  mm  x  1  mm  was  placed  in  defects  of  the  tibiae  of  rats 
with  the  glass  coating  exposed  on  all  four  sides  of  the  implant. 

Exposure  to  the  bone  did  not  lead  to  failure  upon  application  of  a 
mechanical  load  after  30  days  of  interfacial  corrosion  has  occurred.  No 
failures  in  more  than  20  implants  were  observed. 

Mechanical  testing  of  the  52S4.6  biogl ass-Vi ta 1 1 i um  coatings  using 
thermal  shock  methods  also  have  shown  large  improvements  in  interfacial 
shear  strength  of  the  coating-metal  interface  over  the  bioglass  coated- 
stainless  steel  system.  Thus  the  required  characteristics  of  a  stable 
high  strength  meta l -b i oglass  interface  and  a  stable  bioglass-bone  inter¬ 
face  appear  to  be  achieved  with  the  32S4.6  bioglass  coated-Vi ta 1 1 i um 
prostheses . 


Based  upon  these  findings  a  series  of  monkey  femoral  head  pros- 
theses  equivalent  to  the  316L  stainless  steel  devices  described  above 
have  been  cast  from  Vitallium.  Coating  of  the  prostheses  with  the 
52S4.6  bioglass  formula  is  being  completed  and  the  implant  mechanical 
testing  will  be  conducted  in  future  tests.  If  this  series  of  tests  is 
successful  a  longer  term  evaluation  using  the  same  models  will  follow. 

A  similar  research  objective  is  being  pursued  by  a  West  German 
research  team.  The  composition  of  their  surface  active  glass-ceramic 
material  (termed  Ceravital)  is  similar  to  the  52S4.6  bioglass  discussed 
above.  Their  studies  of  implants  in  rats,  canines,  and  porcine  models 
confirmed  direct  bonding  of  bone  to  the  material.  Nearly  50  humans  have 
received  tooth  implants  and  mandibular  ridge  augmentations  with  the 
German  surface  active  glass-ceramic  material. 

Metal  total  hip  prostheses  designed  for  canines  coated  with  Cera¬ 
vital  surface  active  glass-ceramics  are  currently  being  tested  by  the  W. 
German  team.  Their  coating  process  involves  enameling  a  ground  coat  and 
inert  glass  layer  on  the  metal  and  a  final  fusion  of  surface  active 
glass-ceramic  granules  within  the  inert  glass  layer.  The  surface  active 
granules  provide  growth  sites  to  bone  when  the  device  is  implanted. 
Initial  fixation  is  achieved  with  a  close  mechanical  fit.  Stable  fixa¬ 
tion  by  bone  bonding  is  reported  for  an  excess  of  1  year  post-op. 

Surface  active  glass-ceramic  granules  of  up  to  70  volume  percent 
have  also  been  added  by  the  same  German  research  team  to  polymethyl¬ 
methacrylate.  The  bio-active  bone  cement  reduces  the  temperature  rise 
during  the  in  situ  polymerization  and  apparently  reduces  free  monomer 
transport  within  the  circulatory  system  as  well.  Histology  of  the 
interface  of  the  bio-active  cement  and  bone  shows  that  bone  growth  to 
the  granules  occurs  wherever  they  are  exposed  to  living  bone  at  the 
cement  interface. 

Total  hip  components  made  of  nearly  inert  Nuceritev  glass-ceramic 
coated  steel  have  been  implanted  by  Englehardt  and  co-workers  (48)  using 
the  PMMA  cementing  procedures.  Preliminary  results  of  this  system  also 
look  encouraging  at  this  time.  However,  there  is  no  indication  that 
eliminat^g^  of  a  cementing  media  can  be  obtained  with  the  use  of  the 
Nucerite  glass-ceramic  coating. 

Several  other  investigators  are  also  proceeding  to  evaluate  the 
potential  for  use  of  alumina  ceramics  in  hip  and  knee  joints.  They 
include  Semlitsch,  et  al.  (49)  and  Eyring  (50). 

High  density  alumina  long  bone  replacements  using  a  non-cementing 
self-locking  conical  sleeve  device  has  also  undergone  extensive  tests  in 
humans  by  a  research  team  of  M.  Salzer  and  M.  Plenk,  et  al.  (49).  Over 
20  such  prostheses  have  been  utilized  to  restore  the  skeletal  system  for 
patients  that  have  had  to  have  surgical  removal  of  long  bones  as  a 
cancer  treatment.  Mechanical  failure  of  the  ceramic  has  not  been  ob¬ 
served  for  cases  that  now  have  been  as  long  as  24  months.  Stability  of 
the  alumina-bone  interface  also  appears  to  be  reasonable  at  this  stage. 


One  of  the  longest  histories  of  the  use  of  ceramic  implants  is 
Professor  Eyring's  seven  years  of  clinical  studies  in  humans  using  high 
density  alumina  as  a  temporary  spacer  for  osteotomies  (50).  The  clini¬ 
cal  studies  were  proceeded  by  a  series  of  fibroblast  tissue  cultures, 
injection  of  alumna  crystals  in  rabbit  knees  and  implantation  of  small 
blocks  of  the  alumina  subcutaneously  or  intramuscularly  in  rats  (50). 
All  results  showed  extremely  good  biocompatibility  with  only  a  very 
small  reactive  membrane  of  a  few  pm  thickness  being  formed.  Implanta¬ 
tion  of  a  partial  replacement  of  the  knee  of  monkeys  also  preceded  the 
human  studies  and  recently  total  flip  replacement  has  been  performed 
successfully  in  dogs. 
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aluminum  oxide  spacers  have  been  us^d  by  Eyring  for 
ial,  femoral  or  phalagenal  osteogenomities  20  times  in 
ut  any  untoward  reactions  (50).  Use  of  the  material 
for  a  second  operation  to  remove  bone  and  the  spacer 
e  time  and  possible  morbidity.  Use  of  alumina  spacers 
Dr.  F.rying  and  co-workers  to  perfect  a  technique  for  a 
lengthening  up  to  nearly  two  inches  in  seven  patients 
r  growth  defects.  Repeated  osteogenomities  have  gained 
length  for  one  patient. 


Skeletal  extensions  such  as  needed  for  attachment  of  a  permanently 
implanted  artificial  limb  have  also  been  explored  using  ceramic  mater¬ 
ials.  A  successful  implanted  limb  was  reported  for  humans  and  dogs  by 
Dr.  Mooney,  et  al.  (52,53).  Reasonable  success  was  achieved  for  a  short 
time.  Dr.  C.  William  Hall  has  been  systematically  exploring  the  many 
variables  necessary  to  obtain  long  term  success  in  permanently  attached 
artificial  limbs  (54).  He  has  achieved  stable  soft  tissue  interfacing 
by  use  of  Nylon  velour  and  silicone  composite  systems.  Bioglass 
coatings  applied  to  stainelss  steel  shafts  have  been  used  to  achieve 
stability  of  the  limb  in  contact  with  the  bone  in  a  goat  model  (54). 


Plasma  spray  coated  y-alumina  coatings  of  titanium 
showing  reasonably  long  term  (4  years)  success  in  Italy 
hip  replacements.  These  implants  are  also  used  without 
surface  active  y— a  1  cimi na  shows  some  evidence  at  the  TEM 
bony  attachment  to  the  coating. 
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IV.  CURRENT  PROBLEMS  IN  APPLICATION  OF  BIOCERAMICS  IN  TOTAL  JOINT 

REPLACEMENT 

The  objective  of  this  section  is  to  discuss  briefly  area  of  uncer¬ 
tainty  that  must  be  investigated  before  the  three  major  types  of  bio¬ 
ceramics  can  be  considered  for  large  scale  clinical  applications. 

First,  there  seems  to  be  little  potential  for  use  of  resorbable 
bioceramics  in  most  types  of  total  joint  prostheses.  The  low  mechanical 
strength  of  these  highly  porous  materials  and  the  severe  deterioration 
of  mechanical  integrity  with  resorbtion  pose  an  unsurmountable  obstacle 
to  use  in  any  load  bearing  application. 
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Secondly,  the  increasing  use  of  high  density  alumina  in  Europe  in 
total  hip  prostheses  means  the  long  term  physical  behavior  of  this 
material  must  be  examined  closely.  All  brittle  materials  under  tensile 
stresses  are  subject  to  slow  crack  growth  of  pre-existing  flaws  which 
leads  to  time  dependent  fatigue  failure.  The  time  to  failure  is  always 
a  function  of  the  magnitude  of  the  tensile  stress  applied,  the  distri¬ 
bution  of  pre-existing  flaws,  and  an  environmentally  sensitive  factor. 
Fracture  mechanics  theory  is  now  developed  to  the  point  where  all  the 
necessary  factors  can  be  evaluated  for  a  potential  implant  material  such 
as  high  density  alumina  and  lifetime  predictions  made  (56-58). 

Such  a  fracture  mechanics  study  has  been  recently  completed  in  the 
author's  laboratory  in  collaboration  with  Prof.  Ritter  at  the  University 
of  Massachusetts  for  a  commercial  high  density  alumina  implant  material 
with  and  without  a  bioglass  coating  (46).  Both  three  point  flexural 
tests  using  bars  and  biaxial  flexural  test  configurations  using  thin 
discs  were  studied.  The  test  environments  included:  liquid  N2  (where 
no  environmental  factors  are  present),  air  (80%  RH) ,  tris  buffered  water, 
and  Ringer's  solution.  Various  stress  rates  over  a  range  from  500 
psi/sec  to  80,000  psi/sec  were  used  in  the  dynamic  fatigue  test.  Ten  to 
fifteen  samples  were  run  for  each  data  point.  A  definite  environ¬ 
mentally  dependent  slope  to  the  fracture  strength  of  both  coated  and 
uncoated  alumina  was  observed,  see  Fig.  12. 


Use  of  the  dynamic  fatigue  data  permitted  calculation  of  design 
diagrams  for  the  guaranteed  lifetimes  of  the  samples  in  a  given 
environment,  for  a  given  applied  tensile  stress,  and  a  given  proof  test 
applied  to  the  samples.  Figures  13  and  14  show  the  design  diagrams 
obtained  and  Table  I  summarizes  some  of  the  relevant  allowable  tensile 
stresses  that  can  be  applied  to  this  material  to  assure  a  minimum  life¬ 
time  of  50  years.  It  is  evident  from  the  data  that  although  the  intrin¬ 
sic  strength  of  the  material  is  in  excess  of  45,000  psi  the  material 
should  not  be  used  in  an  implant  application  where  tensile  stresses  will 
exceed  15,000  psi. 


Fig.  13.  Design  diagram  of  lifetime  predictions  after  proof  testing 
for  alumina. 

The  mechanism  for  this  fatigue  phenomena  is  not+fully  understood 
but  appears  to  be  related  to  H  ion  exchange  for  Ca2  ions  which  concen¬ 
trate  in  the  grain  boundaries  of  the  alumina  during  the  firing  stage  of 
processing.  Basic  research  in  this  area  is  sorely  needed.  Determining 
the  relative  magnitude  of  the  environment  sensitive  parameters  as  a 
function  of  time  in  the  ui  vivo  environment  must  also  be  established. 
Relating  purity  levels  and  microstructure  to  the  environment  sensitivity 
is  required.  Autoclaving  appears  to  accelerate  this  phenomena  and  the 
relative  extent  needs  to  be  determined.  Bioglass  coatings  apparently 
diminish  the  problem  but  the  coatings  must  be  optimized. 
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Fig.  14.  Design  diagram  of  lifetime  predictions  after  proof  testing  for 
bioglass-coated  alumina. 

TABLE  I 

PROOF  STRESS  AND  ALLOWABLE  STRESS  PREDICTIONS  TO 
ASSURE  A  MINIMUM  LIFETIME  OF  50  YEARS 


Material 

Environment 

o  (for  a  =  10,000  psi) 

P  a 

a  (for  a  =30 
a  p 

A1 umina 

Air 

19855  psi 

14840 

Alumina 

Tris 

23603 

13406 

Alumina 

Ringers 

25806 

11547 

Bioglass-Coated  Alumina 

Ai  r 

22563 

13091 

Bioglass-Coated  Alumina 

Tris 

21534 

13722 

Bioglass-Coated  Alumina 

Ringers 

23590 

12568 

177 
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A  recent  study  by  Prof.  Brown  and  students  at  the  University  of 
Illinois  shows  that  the  interfacial  strength  of  plasma  spray  coatings  of 
alumina  on  metal  is  also  seriously  degraded  upon  exposure  to  physio¬ 
logical  envi rorunents .  Long  term  effects  of  such  deterioration  must  be 
established  and  the  mechanisms  determined  or  failures  due  to  spalling  of 
coatings  from  implant  substrates  may  be  predicted. 

Long  term  fatigue  studies  of  the  various  surface  active  glass  and 
glass-ceramic  coatings  are  also  yet  to  be  completed  in  either  in  vitro 
or  /n  vivo  tests.  Because  the  coated  metal  system  is  a  composite,  the 
fracture  mechanics  testing  is  not  simple  and  long  term  cyclic  loading  to 
determine  fatigue  limits  similar  to  the  procedures  used  for  metals  will 
probably  have  to  be  adopted.  The  stability  and  durability  of  the  bio¬ 
glass  to  bone  bond  appears  to  be  satisfactory  in  all  short  term,  <2  1/2 
years,  tests  run  so  far.  Only  one  baboon,  with  a  functional  bioglass 
graft  replacing  a  mandibular  resection  has  been  observed  for  as  long  as 
six  years.  No  problems  are  apparent  at  the  bone-bioglass  interface  or 
the  bioglass-gingival  tissue  interface,  see  Fig.  13.  A  series  of  long 
term  primate  femoral  head  replacements  using  the  52S4.6  bioglass  coated 
Vitallium  system  seems  indicated. 

Since  initial  stabilization  of  the  implant  to  be  maintained  in 
fixation  with  a  surface  active  coating  is  by  firm  mechanical  immobili¬ 
zation  at  the  time  of  surgery,  device  design  and  surgical  technique 
becomes  critical  and  maybe  even  self  limiting.  A  procedure  where  bio¬ 
active  cement  is  applied  in  a  small  quantity  only  at  a  critical  site  at 
the  area  of  the  trochanter  may  serve  as  a  compromise.  A  thorough  re¬ 
examination  of  the  biomechanics  of  the  prostheses  system  to  take  maximal 
advantage  of  the  bone-bonding  coatings  will  obviously  be  required.  The 
reported  success  of  the  recent  Muller  femoral  stem  which  does  not  use 
PMMA  indicates  that  a  new  generation  of  device  design  is  possible.  The 
success  of  the  bone  bonding  coatings  merged  with  device  design  and 
assurance  of  the  elimination  of  a  new  type  of  fatigue  problem  may  well 
indicate  that  a  viable  alternative  to  current  procedures  relying  on  in 
situ  polymerization  of  PMMA  may  be  possible. 
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H.  FlITURK  DEVELOPMENTS  AND  APPLICATIONS  OF  BIOMATERIALS: 

AN  OVERVIEW 


by 

L.L.  Bench 


ABSTRACT 

It  is  re commended  that  the  emphasis  of  biomaterials  research  and 
development  for  the  future  should  be  to  achieve  improved  reliability. 

Use  of  increasing  numbers  of  implants  per  year  coupled  with  decreasing 
long  term  (>  5  years)  success  rates  are  resulting  in  progressively 
larger  numbers  of  reparative  implant  operations.  This  trend  can  be 
altered  by  emphasizing  three  areas  of  R&D :  1)  Studies  of  composite 

biomaterial  systems  offering  unique  combinations  of  biological  surface 
behavior  and  substrate  mechanical  performance;  2)  Investigate  mechanisms 
of  interfacial  reactions  so  that  long  term  responses  of  the  host-implant 
can  be  predicted;  1)  Develop  long  term  predictive  relationships  for 
biomaterials  reliability  based  upon  interfacial  reactions,  biomechanics, 
fracture  mechanics,  fatigue  testing,  and  retrieval  analysis. 

Brief  examples  of  efforts  to  develop  understanding  in  these  three 
areas  arc*  described  using  bioglass  coated  metal  and  bioglass  coated 
a  1 um i na  implants. 


INTRODUCTION 

During  the  last  15  years  there  has  been  dramatic  change  in  the 
field  of  biomaterials.  Change  in  tie  clinical  importance  ol  prosthetic 

devices,  change  in  the  demands  placed  upon  hiomaterials  used  in  devices, 

and  change  in  the  research  approach  required  to  acheive  further  improve¬ 
ments  in  hiomaterials  and  device  performance.  The  field  has  grown  to 
where  it  is  estimated  that  2-3  x  101'  prosthetic  devices  per  year  are 
presently  being  implanted  in  the  U.S.  and  Europe.  Short  term,  <  5 
years,  success  rates  of  85-98%  reported  for  most  prostheses  are  so 
encouraging  that  there  exists  a  large  driving  force  from  both  the  clini¬ 
cian  and  patient  for  prostheses  to  be  used  in  even  larger  numbers  in  the 

future:  1)  a  broadening  range  of  symptom  severity  for  a  patient  to  be  a 

candidate  for  prostheses;  2)  use  of  prostheses  in  progressively  younger 
patients;  3)  an  increase  in  number  of  clinicians  who  feel  confident  to 
use  implants;  and  A)  use  of  prostheses  in  new  clinical  applications. 

Each  of  the  above  factors  imposes  increased  severity  in  the  performance 
demands  on  the  hiomaterials  used  in  the  prostheses.  Thus,  a  prime,  if 
not  overriding,  emphasis  of  hiomaterials  R&D  for  the  future  in  to  achieve 
improved  re  1 i ah i  I  i ty . 

To  emphasize  long  term  reliability  is  a  major  change  for  a  field 
that  has  tended  to  concentrate  upon  very  short  term  (<  2  years) 
screening  of  large  numbers  of  new  types  of  hiomaterials.  Previously, 
the  dominant  theme  in  the  hiomaterials  literature  has  been  short  term 
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studies  of  mechanical  performance  or  tissue  response  to  different  material 
composition,  microstructure,  porosity,  surface  finish  or  chemistry,  and 
sample  configuration.  The  motivation  for  such  studies  often  appears  to 
be  that  they  are  easy  to  design,  the  materials  easy  to  fabricate  in 
small  configurations  and  quantities,  the  small  animals  are  easy  to 
maintain,  and  the  costs  are  low. 

In  contrast,  design  and  implementation  of  long  term  (>  2  years) 
investigations  of  functional  devices  is  difficult  and  costly.  Design 
and  fabrication  of  devices  for  animals  that  will  provide  the  desired 
function  is  complicated.  Surgical  techniques  and  post-op  maintenance  o 1 
animals  with  functional  devices  is  usually  significantly  more  difficult 
than  equivalent  human  requirements.  Decisions  regarding  number  of  de¬ 
vices  per  animal,  number  of  animals  per  time  period,  duration  sequence, 
and  method  for  time  dependent  monitoring  of  function  usually  involve 
considerable  compromise  with  respect  to  the  financial  investment  avail¬ 
able.  Post  sacrifice  evaluation  protocol  also  requires  a  compromise 
because  mechanical  testing  destroys  the  tissue-material  interface. 

Thus,  it  is  difficult  to  achieve  data  needed  for  both  the  engineer  and 
histologist  in  statistical  quantity.  The  extent  of  data  and  even  type 
of  data  necessary  to  satisfy  regulatory  requirements  is  also  often 
uncerta in . 

It  is  especially  important  to  plan  now  for  long  term  reliability 
research  because  there  is  increasing  evidence  that  the  long  term  (>  5 
years)  success  rates  for  many  prosthetic  devices  is  considerably  less 
than  75%.  Specific  data  on  long  term  success  rates  is  difficult  to 
compile  and  assess  because  of  several  factors:  1)  patient  follow-up  is 
progressively  more  difficult  with  increasing  time;  2)  changes  in  bio¬ 
materials  specifications,  device  design,  surgical  technique,  and  post-op 
maintenance  make  it  difficult  to  correlate  results  over  long  periods  of 
time;  3)  the  largest  fraction  of  devices  have  been  implanted  during  the 
last  five  years;  and  4)  many  of  the  long  term  implants  have  been  a 
result  of  extremely  careful  patient  selection,  meticulous  surgical 
technique  and  conservative  post-operative  care  and,  therefore,  do  not 
necessarily  represent  the  majority  of  cases  being  performed  today. 

Decreasing  long  term  success  rates  coupled  with  an  increasing 
number  of  implants  per  year  will  obviously  result  in  a  progressively 
larger  and  larger  fraction  of  reparative  operations  on  progressively 
older  patients.  Such  reparative  operations  are  generally  more  difficult 
technically,  less  amenable  to  use  of  generalized  procedures  and  devices, 
and  are  complicated  by  more  extensive  tissue  damage  associated  with  the 
implant  failure.  These  factors  coupled  with  the  increased  age  of  the 
patient  and  negative  psychological  consequences  of  a  previous  implant 
failure  all  serve  to  reduce  the  probability  of  success  in  reoperative 
cases.  It  is  also  apparent  that  reoperative  cases  generally  require  the 
services  of  the  more  specialized  and  capable  implant  surgery  teams  and 
can  consume  a  progressively  larger  fraction  of  their  time  and 
facilities.  Saturation  of  highly  competent  implant  teams  is  a  very  real 
possibility  in  the  next  decade.  Consequently,  reduction  of  the  need  for 
reoperative  surgery  by  emphasis  on  improved  re'  ibility  of  the  implant- 
tissue  system  seems  to  he  of  paramount  importance. 
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Therefore,  increasing  demands  for  improved  long  term  reliability  of 
biomaterials  and  implant  devices  versus  the  difficulty  and  costs  of 
studying  long  term  performance  require  at  this  time  a  close  re¬ 
examination  of  the  approaches  taken  in  biomaterials  research  and  develop 
ment . 


RESEARCH  AND  DEVELOPMENT  EMPHASIS 

1)  One  of  the  primary  areas  that  should  be  emphasized  in  bio¬ 
materials  R&D  is  that  of  composite  materials  systems.  It  has  become 
clear  that  the  rigoious  mechanical  and  biological  requirements  of  most 
devices  cannot  be  satisfied  with  a  single  material.  Composites  designed 
for  simultaneous  satisfaction  of  biological  surface  compatibility  and 
performance  with  stable  mechanical  behavior  of  the  bulk  structure  offer 
high  promise  for  long  term  reliability.  Thin  film  ULTI  carbon  coatings 
of  flexible  cardiovascular  components  recently  described  by  Bockros, 

et  a  1  .  in  a  Biomaterials  Symposium  at  UCLA  December  29,  1978,  serve  as 
an  excellent  example  of  the  use  of  coatings  technology  to  modify  the 
surface  performance  of  a  variety  of  materials  without  changing  the 
mechanical  characteristics.  Bioglass  coatings  on  surgical  metal  alloys 
or  on  high  strength  alumina  ceramics  also  illustrate  combinations  of  a 
controlled  biological  interface  with  high  strength  substrate  perfor¬ 
mance  . 

2)  The  second  area  that  is  recommended  for  intensive  investigation 
is  the  study  of  mechanisms  of  interfacial  reactions.  Either  the  inter¬ 
face  between  tissue  and  implant  surface  or  the  interface  between  phases 
in  a  composite,  such  as  a  coating  and  substrate,  are  potential  weak 
links  in  the  long  term  reliability  of  functional  devices.  Only  by  a 
thorough  study  of  the  kinetics  and  mechanism?  of  interfacial  reactions 
will  it  be  possible  to  determine  why  failure  occurs.  Knowledge  of 
failure  mechanisms  is  essential  in  designing  devices  that  minimize 
failure  conditions.  Likewise,  prediction  of  reliability  of  a  biomateria 
device  under  function  requires  understanding  the  modes  of  failure  of  the 
tissue- implant  system. 

In  the  past  only  minimal  effort  has  been  applied  to  studying  the 
complex  combinations  needed  to  elucidate  mechanisms  of  failure.  It  is 
difficult  to  establish  cause  and  effect  relationships  operative  over  the 
long  term,  but  without  emphasizing  mechanistic  studies  it  will  not  be 
possible  to  proceed  past  the  stage  of  trial  and  error  experiments  in 
patient  populations. 

3)  It  is  proposed  that  the  ultimate  objective  of  the  present 

generation  of  biomaterials  R&D  be  directed  towards  developing  a  compre¬ 
hensive  theory  of  predictive  relationships  for  the  long  term  performance 
of  the  implant-host  system.  Components  for  achieving  such  relationships 
include:  a)  mechanisms  and  kinetics  of  interfacial  reactions;  b)  use  of 

biomechanics  techniques,  such  as  finite  element  stress  analysis,  to 
describe  the  anticipated  stress-tissue  cycles  to  be  applied  to  func¬ 
tional  devices  and  define  reasonable  safety  margins  of  stress;  c)  expand 
and  apply  appropriate  fracture  mechanics  theories  for  brittle  materials 
to  predict  the  expected  lifetimes  of  implants  loaded  to  given  stress 


levels;  <i)  collaborate  with  the  fracture  mechanics  R&D  community  to 
extend  lifetime  predictive  theories  to  include  visoelastic  materials 
such  as  bone  and  polymeric  materials,  plastically  deforming  metallic 
components,  and  combinations  thereof  with  variable  degrees  of  mter- 
facial  attachment  between  the  materials  and  between  materials  and 
tissue;  e)  develop  accelerated  fatigue  tests  of  simple  sample  configura¬ 
tions  and  devices  that  are  representative  of  in-vivo  conditions;  f) 
establish  methods  to  correlate  predictive  relationships  with  implant 
retrieval  analyses. 


EXAMPLES  OF  RELIABILITY  RELATED  RESEARCH 

Recent  studies  of  controlled  surface  reactive  glasses  have  been 
directed  along  the  lines  recommended  above.  Extensive  efforts  have  been 
made  to  achieve  reliable  composite  materials  comprised  of  either  bio¬ 
glass  coated  surgical  metal  alloys  or  bioglass  coated  high  density 
alumina.  The  processing  steps  involved  and  the  systems  design  approach 
taken  in  achieving  the  coated  materials  are  described  elsewhere  ( 1  - 4 ) . 

Coatings  of  45S5  Bioglass  on  316L  stainless  steel  femoral  head 
replacements  tested  in  monkeys  have  been  shown  to  result  in  formation  of 
a  bond  with  bone  at  the  coating-bone  interface  (5).  Likewise,  coatings 
of  45S5  Bioglass  on  high  purity  alumina  (6)  have  resulted  in  an  inter¬ 
facial  bone-coating  bond  (7). 

Mechanical  testing  of  the  bone-coating  implant  substrate  has  shown 
that  interfacial  bond  strength  between  bone  and  coating  can  be  equi¬ 
valent  to  the  fracture  strength  of  natural  bone  (8,9).  However,  failure 
either  within  the  bioglass  or  at  the  bioglass-substrate  interface  may 
limit  the  strength  of  the  composite  system  (8,9). 

Figures  1  and  2  illustrate  the  type  of  mechanical  test  used  to 
establish  that  the  strength  of  the  bulk  45S5  Bioglass  was  a  limiting 
factor  in  load  bearing  applications.  A  functional,  load  bearing  seg¬ 
mental  bone  replacement  was  used  in  a  monkey  femoral  model.  An  inter- 
medullary  nail,  Figure  1,  provided  alignment  and  stabilization  of  the 
device  during  healing.  The  sequence  of  radiographs  of  Figure  1  illu¬ 
strate  progressive  stages  of  healing  and  callous  remodeling  of  one  of 
the  monkey  femora  containing  the  45S5  segmental  bone  replacement.  After 
remodeling  was  completed  via  radiography,  the  IM  nail  was  removed  post 
sacrifice,  any  residual  callous  superficial  to  the  implant  was  excised 
and  the  bone-implant  system  was  tested  to  failure  in  torsion  (10). 

Figure  2  shows  a  failure  mode  that  established  the  unacceptable  relia¬ 
bility  of  the  bulk  45S5  Bioglass  material  for  use  as  a  functional,  load 
bearing  orthopaedic  device.  The  implant-bone  interface  was  never  ob¬ 
served  to  fail,  even  under  interfacial  stresses  in  excess  of  10,000  psi. 
However,  as  in  the  example  of  Figure  2,  numerous  implants  failed  at 
stresses  less  than  that  of  either  the  bone  or  the  bonding  interface 
(10).  Thus,  establishing  that  the  "weak  link"  in  the  reliability  of  the 
new  biomaterial  was  bulk  strength  of  the  glass,  it  was  apparent  that 
developing  composites  using  coatings  of  the  controlled  surface  reactive 
glasses  on  substrates  of  significantly  higher  mechanical  strength  was 
the  only  means  of  achieving  the  required  long  term  performance  of  the 
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prostheses.  SimiLar  types  of  mechanical  testing  of  the  bioglass  coated 
implant  systems  are  now  in  progress  using  both  canine  segmental  and 
monkey  femoral  head  replacement  models. 

An  illustration  of  the  type  of  testing  that  can  be  employed  to 
evaluate  the  long  term  chemical  stability  of  an  interface  bonded  to  bone 
is  presented  in  Figures  3  and  4.  Figure  3  shows  a  scanning  electron 
micrograph  of  a  45S5  Bioglass  implant  bonded  to  a  rat  tibia  after  one 
year.  The  bonding  interface  is  labeled  as  I,  osteocytes  are  labeled  0, 
the  bulk  bioglass  as  G  and  an  electron  microprobe  trace  across  the 
interface  is  labeled  M.  The  compositional  analysis  of  the  bonded  inter¬ 
face  obtained  by  the  electron  microprobe  is  shown  in  Figure  4  (10). 
Compositional  regions  characteristic  of  bulk  bioglass,  silica-rich 
amorphous  gel,  the  calcium-phosphate  rich  layer  that  bonds  with  muco¬ 
polysaccharides  and  collagen  and  finally  bone  are  evident  in  Figure  4. 

Use  of  this  technique  to  follow  the  change  in  interfacial  com¬ 
positions  as  a  function  of  time  show  that  the  bonding  interface  matures 
during  a  period  of  3-6  months  and  undergoes  little  change  thereafter  for 
periods  of  more  than  2  years.  Consequently,  this  type  of  time  dependent 
analysis  can  be  used  to  achieve  an  understanding  of  the  reliability  of 
bonding  interfaces. 


Fig.  3.  Scanning  electron  micrograph  of  bonded  interface  between 
45S5  Biogiass  and  rat  tibia  after  1  year.  (190X) 
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Electron  microprobe  compositional  analysis  of  the  bonded 
interface  shown  in  Figure  3. 
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